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PHOTOIONIZATION CROSS SECTIONS OF THE RARE GASES 

J . A . R .  Samson and F . L .  Kel ley  

I.  INTRODUCTION 

The i n t e r a c t i o n  of r a d i a t i o n  of wavelengths s h o r t e r  t han  1000 

wi th  a gas  w i l l  i n  gene ra l  produce i o n i z a t i o n  i n  the  gas .  The c r o s s  

s e c t i o n  f o r  t he  i o n i z i n g  p rocess  i s  an impor tan t  parameter  i n  many f i e l d s  

of s c i e n c e .  For example, the  extreme u l t r a v i o l e t  r a d i a t i o n  from the  

sun i n t e r a c t s  w i th  the  e a r t h ' s  atmosphere c r e a t i n g  t h e  ionosphere ,  t he  

v a r i o u s  l a y e r s  of which a r e  produced by d i f f e r e n t  r e g i o n s  of t h e  extreme 

W even ex tending  down t o  the  x- ray  reg ion .  Other examples can be found 

i n  gaseous d i s c h a r g e s  i n c l u d i n g  thermo-nuclear dev ices .  Here r a d i a t i o n  

c r e a t e d  by the  d i scha rge  can be reabsorbed by the  n e u t r a l  and ion ized  

atoms. Any s e r i o u s  i n v e s t i g a t i o n  of such dev ices  must i nc lude  knowledge 

of the  p h o t o i o n i z a t i o n  c r o s s  s e c t i o n  of t he  gases  involved .  I n  t h e  theo- 

r e t i c a l  f i e l d  exper imenta l  d a t a  are r equ i r ed  t o  check t h e  v a l i d i . t y  of 

t he  v a r i o u s  models f o r  t he  pho to ion iza t ion  p rocess .  This  i s  extremely 

impor tan t  s i n c e  i n  many c a s e s ,  e .g . ,  atomic oxygen and hydrogen, expe r i -  

mental  d a t a  i s  u n a v a i l a b l e  and one must r e l y  on t h e o r e t i c a l  v a l u e s .  

Th i s  p r e s e n t  i n v e s t i g a t i o n  was motivated l a r g e l y  t o  provide  a check 

f o r  t h e  a v a i l a b l e  t h e o r e t i c a l  models. The r a r e  gases  were used s i n c e  

they  a r e  normally i n  an atomic s t a t e  and hence the  i n t e r p r e t a t i o n  of 

t h e i r  a b s o r p t i o n  spectrum was e a s i e r .  Fu r the r ,  some t h e o r e t i c a l  work 

has  been performed on them and i s  a v a i l a b l e  f o r  comparison w i t h  expe r i -  

menta l  work. Another impor tan t  mot iva t ion  i s  t h a t  t h e  r a r e  g a s e s  a r e  
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used as  a b s o l u t e  s t a n d a r d s  i n  determining t h e  i n t e n s i t y  of r a d i a t i o n  

below 1000 2 and f o r  t h e  a b s o l u t e  c a l i b r a t i o n  of thermopi les . '  For 

a c c u r a t e  i n t e n s i t y  measurements i t  i s  necessary  t o  make measurements i n  

s p e c t r a l  r e g i o n s  f r e e  from d i s c r e t e  s t r u c t u r e  and p r e f e r a b l y  i n  r e g i o n s  

where the p h o t o i o n i z a t i o n  c r o s s  s e c t i o n s  a r e  n o t  v a r y i n g  t o o  r a p i d l y .  

U n t i l  r e c e n t l y  t h e  p o s i t i o n  and even the  e x i s t e n c e  of d i s c r e t e  s t r u c t u r e  

was unknown. 2- 5 

The p h o t o i o n i z a t i o n  c r o s s  s e c t i o n s  were measured from t h e  i o n i z a -  

t i o n  t h r e s h o l d  of t h e  gas  down t o  about 280 8. 
power law k = C h was a p p l i e d  t o  e x t r a p o l a t e  t h e  v a l u e s  of t h e  absorp- 

t i o n  c o e f f i c i e n t s  If down t o  t h e  s o f t  x - ray  r e g i o n  where exper imenta l  

Whenever p o s s i b l e  t h e  

a 

d a t a  again became a v a i l a b l e .  

a given s h e l l .  Thus, i n  t h e  c a s e  o f  argon,  d a t a  i s  g i v e n  from t h r e s h o l d  

a t  786 8 down t o  . 01  8 .  
whose c r o s s  s e c t i o n s  a r e  known from t h r e s h o l d  t o  . 0 1  8. 

The parameters  C and 3 a r e  c o n s t a n t s  w i t h i n  

Helium and Reon a r e  t h e  only o t h e r  two g a s e s  

I n  t h e  vacuum W s p e c t r a l  r e g i o n  most of t h e  t h e o r e t i c a l  c a l c u l a -  

t i o n s  and exper imenta l  measurements on t h e  t o t a l  p h o t o i o n i z a t i o n  c r o s s  

s e c t i o n s  of t h e  r a r e  g a s e s  have been made i n  He and N e .  Experimental  

r e s u l t s  i n  A ,  K r ,  and Xe a r e  s c a r c e  and w i t h  t h e  e x c e p t i o n  of argon 

non-exis ten t  below 600 2. From 44.6 t o  . 01  5;: r e s u l t s  a r e  a g a i n  a v a i l a b l e ,  

Most of t he  exper imenta l  c r o s s  s e c t i o n  measurements a r e  n o t  known 

t o  b e t t e r  than  ? 10% and i n  g e n e r a l  t h e  d a t a  p o i n t s  a r e  t o o  few t o  pro- 

v i d e  a d e t a i l e d  contour  of t h e  a b s o r p t i o n  curve .  T h i s  i s  p a r t i c u l a r l y  

2 



impor tan t  i n  the  c a s e  of He. A l l  of the t h e o r e t i c a l  c r o s s  s e c t i o n  curves  

of He l i e  w i t h i n  the  exper imenta l  e r r o r s  of t he  e x i s t i n g  d a t a  and i t  i s  

imposs ib le  t o  say which t h e o r e t i c a l  approach i s  t h e  most promising.  Thus 

improved accuracy  of t h e  a b s o l u t e  va lue  of t he  c r o s s  s e c t i o n  i s  r e q u i r e d  

a s  i s  t h e  accuracy  of t he  s p e c t r a l  shape of t he  cu rves .  

I n  t h i s  p r e s e n t  work t h e  abso rp t ion  c r o s s  s e c t i o n s  of H e ,  Ne, A ,  

K r ,  and X e  have been measured from t h e  p h o t o i o n i z a t i o n  t h r e s h o l d  down 

t o  280 g. 
e s t ima ted  a t  k 5% 2nd f r o m  2-3% in the  r e?a t ivc  \ia?iies. These r e s u l t s  

a r e  compared t o  e x i s t i n g  t h e o r i e s .  

The accuracy i n  the  a b s o l u t e  va lue  of t he  c r o s s  s e c t i o n s  a r e  

D i s c r e t e  s t r u c t u r e  i s  d i s c u s s e d  due t o  e x c i t a t i o n  of i n n e r  s h e l l  

e l e c t r o n s  and t h e i r  energy l e v e l s  p r e d i c t e d  where they  a s  y e t  have no t  

been observed .  A t a b l e  of c r i t i c a l  abso rp t ion  e n e r g i e s  has  been compiled 

from t h e  l i t e r a t u r e  s i n c e  no such t a b l e  e s i s t s .  F i n a l l y ,  a d i s c u s s i o n  

of t h e  o s c i l l a t o r  s t r e n g t h s  f o r  t r a n s i t i o n s  t o  t h e  p h o t o i o n i z a t i o n  con- 

tinuum i s  g i v e n  f o r  each of t h e  r a r e  gases .  

3 



11. EXPERIMENTAL PROCEDURE 

Absorption c o e f f i c i e n t s  were measured by t h e  double i o n  chamber 

technique. '  Figure 1 shows t h e  i o n  chamber i n  d e t a i l .  A complete d i s -  

cuss ion  of  t h i s  i o n  chamber i s  g i v e n  i n  r e f e r e n c e  1. B r i e f l y ,  however, 

t h e  e s s e n t i a l s  a r e  t h a t  t h e  two c o l l e c t o r  p l a t e s  must be i d e n t i c a l  i n  

l e n g t h ,  and t h e  s l i t s  must be h e l d  a t  a p o s i t i v e  p o t e n t i a l  t o  d r i v e  a l l  

i o n s  formed i n  t h e  v i c i n i t y  of  t h e  s l i t  over  t o  p l a t e  i A guard r i n g  

a t  the end of t h e  i o n  chamber provided a uniform f i e l d  a t  t h e  end of 

1' 

t h e  second p l a t e .  Thus, a l l  i o n s  formed were c o l l e c t e d  by t h e i r  respec-  

t i v e  c o l l e c t o r  p l a t e s .  The a b s o r p t i o n  c o e f f i c i e n t  - k was t h e n  g i v e n  by 

k = l / x  h ( i l / i 2 ) ,  

where x i s  t h e  l e n g t h  of one c o l l e c t o r  p l a t e  reduced t o  S.T.P. ,  i . e . ,  

x = L(p/760)(273/T) where L i s  t h e  a c t u a l  p a t h  l e n g t h  i n  cm, p i s  t h e  

p r e s s u r e  i n  mm, and T t h e  temperature  i n  degrees  Kelvin.  

Two major advantages of t h i s  technique  a r e  ( a )  t h a t  t h e  i o n  c u r r e n t s  

i and i a r e  measured s imul taneous ly  and t h u s  t h e r e  i s  no demand t h a t  

t h e  l i g h t  source  i n t e n s i t y  remain c o n s t a n t  and (b )  s i n c e  t h e  g a s  i t s e l f  

1 2 

i s  the d e t e c t o r  of t h e  i n c i d e n t  r a d i a t i o n  i t  i s  i n s e n s i t i v e  t o  s c a t x e r e d  

r a d i a t i o n  of  wavelengths  longer  t h a n  i t s  i o n i z a t i o n  t h r e s h o l d .  However, 

some p r e c a u t i o n s  do have t o  be cons idered .  The most impor tan t  one i s  

t h a t  t h e r e  i s  a danger of c o l l e c t i n g  e l e c t r o n s  a s  w e l l  a s  i o n s .  T h i s  

occurs when t h e  i n c i d e n t  r a d i a t i o n  can e j e c t  a p h o t o e l e c t r o n  of  s u f f i -  

c i e n t  energy t o  overcome t h e  r e t a r d i n g  p o t e n t i a l  of t h e  c o l l e c t o r  p l a t e s .  

4 
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S u f f i c i e n t  v o l t a g e  between t h e  p l a t e s  must be used t o  r e t a r d  t h e  most 

e n e r g e t i c  e l e c t r o n s  l i k e l y  t o  be encountered.  Secondary i o n i z a t i o n  by 

t h e s e  e n e r g e t i c  e l e c t r o n s  a l s o  o c c u r s  and a t  f i r s t  may appear  t o  be a 

source of e r r o r .  However, i t  can be  shown t h a t  t h e  t o t a l  i o n  c u r r e n t  

i s  p r o p o r t i o n a l  t o  i ead, where i i s  t h e  i o n  c u r r e n t  when t h e s e  second- 

a r y  e f f e c t s  a r e  a b s e n t ,  g ,  t h e  f i r s t  Townsend c o e f f i c i e n t ,  i s  t h e  number 

of ions c r e a t e d  p e r  cm/e lec t ron ,  and 2 i s  t h e  s e p a r a t i o n  of  t h e  i o n  

p l a t e s .  

l eng th .  The r a t i o  of t h e  two c u r r e n t s  i / i  should t h e r e f o r e  remain 

c o n s t a n t  and indeed t h i s  i s  found t o  be t h e  c a s e  over q u i t e  a cons idera-  

b l e  range i n  v o l t a g e .  F igure  2 shows a t y p i c a l  curve of i o n  c u r r e n t  

v s .  v o l t a g e .  The i n s e r t  shows t h a t  i / i  v a r i e s  l i t t l e  n o t  on ly  i n  

t h e  reg ion  where secondary i o n i z a t i o n  t a k e s  p l a c e  b u t  a l s o  i n  t h e  r e g i o n  

where e l e c t r o n s  a r e  being c o l l e c t e d .  

6 

0 0 

Thus, ead i s  a c o n s t a n t  f o r  any g i v e n  g a s ,  p r e s s u r e ,  and wave- 

1 2  

1 2  - 

The v e r t i c a l  arrows a ,  b y  and c r e p r e s e n t ,  r e s p e c t i v e l y ,  t h e  i o n  

chamber v o l t a g e  necessary  t o  s t a r t  t h e  r e t a r d a t i o n  of t h e  e l e c t r o n s ,  

t h e  v o l t a g e  necessary  t o  complete r e t a r d a t i o n ,  and t h e  minimum v o l t a g e  

a t  which secondary i o n i z a t i o n  by e l e c t r o n  c o l l i s i o n  i s  p o s s i b l e .  

a l l  runs ,  however, measurements were made w i t h i n  t h e  p l a t e a u  r e g i o n  of 

I n  

t h e  ion c u r r e n t = .  v o l t a g e  curve o r  a s  near  t o  i t  a s  was p o s s i b l e .  

The i o n  chamber was mounted on t h e  e x i t  arm of a Seya-monochromator, 

which w a s  equipped w i t h  two i n t e r c h a n g e a b l e  g r a t i n g s .  

bo th  Bausch and Lomb r e p l i c a s  p l a t i n i z e d  t o  enhance t h e i r  r e f l e c t i v i t y  

a t  s h o r t  wavelengths .  

The g r a t i n g s  were 

The f i r s t  o r d e r  spectrum was i n c r e a s e d  by a f a c t o r  

6 
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of f i v e  compared t o  t h e  u n p l a t i n i z e d  c o n d i t i o n .  

of  2 . 6  g and 1.3 2 were achieved w i t h  t h e  600 and 1200 line/mm g r a t i n g s ,  

r e s p e c t i v e l y .  The e x i t  s l i t  of t h e  monochromator was 37 microns wide 

by 7 mm h igh .  

r e s o l u t i o n  b u t  t o  reduce t h e  flow r a t e  of t h e  g a s  w i t h i n  t h e  i o n  chamber 

allowing a c c u r a t e  p r e s s u r e  measurements t o  be made. F igure  3 i l l u s t r a t e s  

Wavelength s e p a r a t i o n s  

T h i s  small  opening was used n o t  only t o  provide  maximum 

t h e  complete experimental  arrangement.  

The l i g h t  source c o n s i s t e d  of a h igh  v o l t a g e  condensed spark  d i s -  

charge through a ceramic c a p i l l a r y .  T h i s  produced a l i n e  spectrum 

c h a r a c t e r i s t i c  of  t h e  gas  used ,  which i n  t h i s  c a s e  was argon a t  approxi-  

mately 0.1 Torr .  The l i g h t  source  was s e p a r a t e d  from t h e  monochromator 

by a two s t a g e  d i f f e r e n t i a l  pumping u n i t .  The f i r s t  s t a g e  was evacuated  

by a 15 cu f t / m i n  Welch mechanical pump w h i l e  i n  t h e  second s t a g e  a 

4" d i f f u s i o n  pump was used. 

by a 4" d i f f u s i o n  pump. With t h i s  arrangement a n e g l i g i b l e  amount o f  

t h e  l i g h t  source g a s  found i t s  way i n t o  t h e  i o n  chamber. 

The main monochromator was a l s o  evacuated 

The a l l  metal  i o n  chamber had i t s  own 2" d i f f u s i o n  pump which evacua- 

- 5  t e d  the chamber down t o  1 x 10 Torr .  A f t e r  thorough pumping t h e  2'' 

system was va lved  o f f .  The i o n  chamber was then  pumped on by t h e  main 

monochromator pumps v i a  t h e  e x i t  s l i t .  A p r e s s u r e  of 1 x 10 Torr  

was then obta ined .  The gas  under i n v e s t i g a t i o n  was passed  through a 

l e a k  valve then  a c o l d  t r a p  and f i n a l l y  i n t o  t h e  r e a r  of  t h e  i o n  chamber. 

The minimum p r e s s u r e  of t h e  g a s  i n  a l l  experiments  was about  0 .1  T o r r .  

Thus, even i f  we assume t h a t  t h e  dynamical flow of  g a s  d i d  not remove 

-4  
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some of t he  r e s i d u a l  i m p u r i t i e s  we s t i l l  have a p u r i t y  r a t i o  of 1 O O O : l  

a t  the  minimum p r e s s u r e .  

Research grade gas  from the  Matheson Co. was used i n  the  case  of 

Ne, K r ,  and Xe. Argon and helium were a l s o  ob ta ined  from the  Matheson 

Co. with a quoted p u r i t y  of 99.9%. Neon and hel ium were f u r t h e r  p u r i -  

f i e d  by pass ing  them through a l i q u i d  n i t r o g e n  cooled  c h a r c o a l  t r a p .  

The remaining gases  were a l l  passed through dry  i c e  t r a p s .  

The two micro-microammeters used t o  measure i and i were c a l i b r a -  1 2 

t e d  t o  an accuracy of 1%. This  was achieved by making a high impedance 

c u r r e n t  source  us ing  a s t anda rd  c e l l  and Vic toreen  h igh  meg-ohm r e s i s t o r s  

quoted t o  be accu ra t e  t o  w i t h i n  1%. The micro-microammeters were used 

t o  d r ive  two Leeds and Northrop r e c o r d e r s  each of which had an accuracy 

of y7 f o r  f u l l  s c a l e  d e f l e c t i o n .  

Only r a d i a t i o n  below the  i o n i z a t i o n  th re sho ld  could  c o n t r i b u t e  t o  

t h e  d e t e c t a b l e  s c a t t e r e d  r a d i a t i o n .  This  s c a t t e r e d  r a d i a t i o n  was t roub le -  

some only below 400 w s i n c e  i n  t h i s  r e g i o n  the  l i n e  spectrum was much 

l e s s  i n t e n s e  than  a t  the  longer  wavelengths .  Cor rec t ion  f o r  t he  s c a t -  

t e r e d  r a d i a t i o n  was performed a s  fp l lows :  A measure of t he  s c a t t e r e d  

l i g h t  was made between 50-150 2 and was found t o  be c o n s t a n t .  

t h e  monochromator produced no spectrum i n  t h i s  r e g i o n  t h e  s i g n a l  must 

be due e n t i r e l y  t o  s c a t t e r e d  l i g h t .  The constancy of t he  s c a t t e r e d  

l i g h t  was assumed t o  hold  up t o  400 g. 
sub t r ac t ed  from the  measured i o n  c u r r e n t s .  

S ince  

This  c o n s t a n t  s i g n a l  was then  

10 



The r a t i o  of t he  ion  c u r r e n t s  could be measured wi th  cons ide rab le  

p r e c i s i o n .  

p r e s s u r e  of t h e  gas .  Although the  gas  flow was dynamic i t  was f e l t  

t h a t  no s e r i o u s  p r e s s u r e  g r a d i e n t s  e x i s t e d  i n  the  ion  chamber. Measure- 

ments of - k w i t h  d i f f e r e n t  techniques y ie lded  v a l u e s  w i t h i n  a few per -  

c e n t  of each o t h e r .  The major s i n g l e  e r r o r  was i n  measuring t h e  a b s o l u t e  

gas  p r e s s u r e .  

gauge was used i n  a l l  p re s su re  measurements t o  e l i m i n a t e  accumulat ive 

e r r e r s  due tc t h e  c a l i b r a t i o n  of secondary pressure s e n s i t i v e  dev ices .  

However, a thermocouple p r e s s u r e  gauge was used t o  i n s u r e  t h a t  the  p re s -  

s u r e  of t h e  gas  remained cons t an t  during a run .  

The main source  of e r r o r  l e f t  was i n  measuring the  abso lu te  

This  e r r o r  was es t imated  t o  be 3% maximum. A McLeod 

The a b s o l u t e  v a l u e s  of t he  abso rp t ion  c o e f f i c i e n t s  t hus  determined 

were e s t ima ted  t o  have an e r r o r  spread  of 2 5% except  where d i s c r e t e  

s t r u c t u r e  e x i s t e d  and a l s o  f o r  t he  weakest l i n e s  where t h e  e r r o r  was 

somewhat more. The e r r o r  i n  the  s p e c t r a l  shape of t h e  abso rp t ion  cu rves  

was dependent on ly  on the  e r r o r  i n  the  logar i thm of il/i2. 

r a t i o  of i / i  

il/i2 was n o t  magnif ied by t ak ing  the  logari thm of the  r a t i o .  

e r r o r  was e s t ima ted  t o  be w i t h i n  2 3%. 

Since  t h e  

was always ad jus t ed  t o  be g r e a t e r  t han  2 t h e  e r r o r  i n  1 2  

The 

11 



111. ABSORPTION CROSS SECTIONS 

1. Helium 

The p h o t o i o n i z a t i o n  c r o s s  s e c t i o n s  of helium were f i r s t  c a l c u l a t e d  

by " i n t i 7  and Wheeler8 i n  1933 u s i n g  a hydrogenic  approximation.  

t h i s  approximation t h e  i n n e r  e l e c t r o n  i s  regarded  a s  moving i n  a f i e l d  

of charge two whi le  t h e  o u t e r  e l e c t r o n ,  e x c i t e d  i n t o  t h e  continuum, i s  

assumed t o  be i n  a f i e l d  of  charge one. L a t e r ,  c a l c u l a t i o n s  were per -  

formed by many i n v e s t i g a t o r s ;  t h e s e  c a l c u l a t i o n s  inc luded  t h e  use  

of  the more s o p h i s t i c a t e d  H a r t r e e  and Hartree-Fock wavefunct ions.  

I n  

Avai lable  experimental  c r o s s  s e c t i ~ n s l ~ - ~ ~  agreed w i t h  t h e  theore-  

t i c a l  v a l u e s  w i t h i n  t h e i r  exper imenta l  e r r o r s ,  however, i t  was n o t  pos- 

sib1.e t o  say which t h e o r e t i c a l  approach was t h e  most s a t i s f a c t o r y .  The 

p r e s e n t  work h a s  endeavored t o  reduce t h e  s c a t t e r  i n  t h e  exper imenta l  

p o i n t s  and t o  improve t h e  o v e r a l l  accuracy of t h e  c r o s s  s e c t i o n  measure- 

ments t o  enable  a choice  between t h e  v a r i o u s  c a l c u l a t i o n s  t o  b e  made. 

A l l  p rev ious  exper imenta l  c r o s s  s e c t i o n  measurements have been made 

us ing  t h e  photographic  p l a t e  a s  a d e t e c t o r  of r a d i a t i o n  and a l l  depended 

on the i n c i d e n t  r a d i a t i o n  i n t e n s i t y  remaining c o n s t a n t  dur ing  t h e  expo- 

s u r e s  taken  w i t h  t h e  a b s o r p t i o n  c e l l  empty and then  f i l l e d  w i t h  helium. 

The d i f f i c u l t i e s  and e r r o r s  i n h e r e n t  i n  t h e  above method were removed 

by using two i o n i z a t i o n  chambers i n  se r ies  a s  d i s c u s s e d  i n  t h e  l a s t  

s e c t i o n .  This  i s  t h e  f i r s t  t ime t h i s  method h a s  been a p p l i e d  t o  helium. 

The c r o s s  s e c t i o n s  shown i n  F i g .  4 r e p r e s e n t  t h e  average of f o u r  d i f f e r e n t  

12 
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deterrnina::ions w i t h  the  g a s  p r e s s u r e  vary ing  from 0 . 5  t o  1 . 0  T o r r .  The 

s c a t t e r  of p o i n t s  l i e  w i t h i n  ? 2.5% of t h e  average curve w i t h  t h e  excep- 

t i o n  of  t he  l a s t  few p o i n t s  a t  t h e  s h o r t e s t  wavelengths  where t h e  spread 

i s  somewhat g r e a t e r .  

The v e r t i c a l  l i n e s  i n  F ig .  4 r e p r e s e n t  t h e  p o s i t i o n s  of a b s o r p t i o n  

2 l i n e s  d iscovered  by Madden and Codling us ing  t h e  continuum r a d i a t i o n  

from a 180 Mev synchro t ron .  They account  f o r  t h e  s e r i e s  a s  being due t o  

a double e l e c t r o n  e x c i t a t i o n  p r o c e s s  of t h e  type  Is - 2 s , n p  atxl Is  - 2 p , n s .  

The f i r s t  member of t h e  s e r i e s ,  appearing a t  approximately 260 2, i s  

coinmon t o  t h e  two s e r i e s  and r e p r e s e n t s  t h e  t r a n s i t i o n  ls2 'S -2s ,2p  

Only one s e r i e s  was observed. 

2 2 

1 0  
P . 

0 

16 The d a t a  a r e  compared w i t h  the  t h e o r e t i c a l  c a l c u l a t i o n s  of Cooper, 

15  who used a one e l e c t r o n  model, and t o  t h a t  of S tewar t  and Webb us ing  

t h e  Hartree-Fock wavefunct ion.  The exper imenta l  p o i n t s  of Lowry and 

Tomboulian20 a r e  inc luded  t o  ex tend  t h e  range of comparison down t o  100 2. 
The r e c e n t  work of S tewar t  and Webb i s  f e l t  t o  be t h e  most s o p h i s t i c a t e d  

c a l c u l a t i o n  of t h e  helium c r o s s  s e c t i o n s  a v a i l a b l e .  They have computed 

t h e  c r o s s  s e c t i o n s  us ing  t h e  Coulomb, H a r t r e e ,  and Hartree-Fock approxi-  

mations and f o r  each approximation they quote  v a l u e s  us ing  t h e  d i p o l e  

l e n g t h ,  v e l o c i t y ,  and a c c e l e r a t i o n  formula t ions .  We have s e l e c t e d  t h e  

va lues  o b t a i n e d  by t h e  Hartree-Fock approximation a s  t h e  ones which b e s t  

f i t  our experimental  d a t a .  I t  can be seen  t h a t  t h e  d i p o l e  l e n g t h  formu- 

l a t i o n  i s  t h e  b e s t  f i t  a t  t h e  s p e c t r a l  head b u t  a t  t h e  s h o r t e r  wavelengths  

t h e  v e l o c i t y  formula t ion  appears  s u p e r i o r .  T h i s  i s  i n  agreement w i t h  t h e  

conclus ion  reached by Stewar t  and Webb. 

14 



It should be mentioned t h a t  t he  s e l e c t e d  c r o s s  s e c t i o n  v a l u e s  of 

Dalgarno and Stewart':! a r e  ve ry  c l o s e  t o  those  c a l c u l a t e d  by Stewar t  

and Webb. The s e l e c t e d  v a l u e s  were obtained from the  d a t a  of S tewar t  

and Wilkinson14 f o r  e n e r g i e s  up t o  1 rydberg and Haung's 

v a l u e s  f o r  e n e r g i e s  g r e a t e r  t han  1 rydberg;  t hese  v a l u e s  were then  a d j u s t e d  

t o  provide  good agreement w i t h  t h e  v a r i o u s  sum r u l e s  involv ing  the  o s c i l -  

l a t o r  s t r e n g t h s .  

10 a c c e l e r a t i o n  

The exper imenta l  o s c i l l a t o r  s t r e n g t h  f f o r  e x c i t a t i o n  i n t o  the  con- 

tinuum was ob ta ined  by us ing  t h e  r e l a t i o n  

2 

2 e rtn 
k(v) dv , 

0 

where k ,  t h e  abso rp t ion  c o e f f i c i e n t ,  and v t he  wavenumber are expressed  

- 1  i n  c m  and m y  e ,  and c have t h e i r  usual  meaning. n i s  Loschmidt 's  

number. The numerical  va lue  of (mc ) / ( e  nno) i s  4.19 x 10 

0 

2 2  -8 . 

The i n t e g r a l  was eva lua ted  g r a p h i c a l l y  from t h e  i o n i z a t i o n  t h r e s h o l d  

t o  . 01  8 u s i n g  t h e  k-va lues  t a b u l a t e d  i n  Tables  1-111. A va lue  of f = 1.54 

was ob ta ined .  S ince  t h e  c o n t r i b u t i o n  between .01  and 4.0 2 amounts t o  

only  .0001, t h e  c o n t r i b u t i o n  below .01 i s  assumed t o  be n e g l i g i b l e .  The 

Thomas-Kuhn sum r u l e  r e q u i r e s  t h a t  :he t o t a l  o s c i l l a t o r  s t r e n g t h  be equal  

t o  t h e  number of e l e c t r o n s  i n  the  atom, t h a t  i s  = 2 f o r  helium. Thus, 

t h e  c o n t r i b u t i o n  t o  t h e  o s c i l l a t o r  s t r e n g t h  due t o  d i s c r e t e  s t r u c t u r e  

must be = 0.46. T h e o r e t i c a l  v a l u e s  f o r  t h e  d i s c r e t e  t r a n s i t i o n s  have 

been c a l c u l a t e d  by s e v e r a l  i n v e s t i g a t o r s .  7-13y21-23 A va lue  of 0 .45 
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TABLE I .  Helium a b s o r p t i o n  c o e f f i c i e n t s  from .01 t o  44.6 2 

a 
S h e l l  (2) Expe r ime ta 1 Semiempirical  

k (  ern-', k (  cm-l) 

K . O l O  
. 0 15 
.020 
.030 
.04 
.05 
.10 
.15 
.20 
.50 
.80 

1 .00  
3.57 
4.36 
5.17 
6.97 
8.32 
9.87 

13.37 
17.67 
21.7 
23.7 
27.4 
31.6 
36 .3  
44.6 

- - -  
. 0 4 5 ~ 1 0 - ~  
.463 
.819 

1 .34  
3.20 
5.87 
9.97 

22.43 
50.91 

.0102xlO-' r e f .  b 

. O  124 I '  

.0141 

.0167 

.0187 

.0202 

.0250 

.0276 

.0293 I r  

.0338 I '  

.0386 I '  

.0433 I '  

I 1  

1 1  

1 1  

1 1  

1 1  

1 1  

I I  

1 1  

I 1  

1 1  

1 1  

- - -  
5.34  x 1 ~ - 3  r e f .  c 

- - -  
21.36 I I  

48.95 
89.00 ' I  

117.48 
178.00 
279.46 I '  

409.40 
765.40 

! I  

1 1  

1 1  

I I  

1 1  

1 1  

1 1  

a Determined from the  mass a b s o r p t i o n  c o e f f i c i e n t s  compiled by S . J . M .  A l l e n  
i n  A .  H .  Compton and S .  K .  A l l i s o n ,  X-Rays i n  Theory and Experiment,  
(D. Van Nostrand Company, I n c . ,  N e w  York, 1935),  p .  799. 

J .  A .  Victoreen ,  J .  Appl.  Phys.  20, 1141 (1949) .  
b 

C B .  L .  Henke, J .  Appl. Phys.  28, 98 (1957) .  
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a 
TABLE 11. H e l i u m  a b s o r p t i o n  c o e f f i c i e n t s  from 100-247 A 

K 100.90 
104.81 
107 . O O  
110.48 
115.82 
116.38 
117.85 
118.97 
122.25 
124.58 
125.23 
126.06 
128.26 
129.83 
131.80 
132.2: 
132.84 
133.35 
135.52 
138.07 
139.02 
140.07 

12.9 
11.6 
9 . 8  
9 . 8  
9.6 
9.9 

11.0 
11.2 
12.2 
12.8 
14.9 
13 .4  
13 .4  
13.3 
13.9 
14.2 
14.2 
14.4 
15.1 
15 .4  
16 .0  
17 .4  

144.82 
147 .27  
151.51 
153.94 
156.18 
159.36 
160.10 
162.47 
164.60 
166.17 
168.08 
170.21 
171.09 
173.01 
177.75 
181.21 
182.40 
184.04 
185.74 
188.44 
192.82 
195.95 

19.6 
19 .O  
19 .O  
22.6 
22.1 
22.5 
21.9 
22.3 
23.5 
22.3 
23.8 
24.0 
24.4 
24.7 
25.6 
26.0 
28.4 
31.6 
30.2 
32.1 
29.2 
32.7 

198.03 
200.68 
202.32 
203.86 
207.24 
207.79 
209.28 
213.09 
214.25 
215.20 
216.02 
220.35 
221.65 
222.77 
223.78 
225.20 
227.53 
231.20 
233.52 
246.20 
247.60 

31.9 
3 2 . 1  
32.3 
3 2 . 7  
41.3 
43.2 
38.1 
37.8 
33.3 
39.4 
3 8 ; 3  
40.5 
36.5 
35.4 
36.5 
36.6 
42.1 
42.7 
42 .1  
44.8 
44.6 

a J .  F .  Lowry and D. H.  TombouJian, The-K-Photoionization Cross  
S e c t i o n s  of H e l i u m  from 100A t o  250 x, Tech. Rep. N o .  3, 
ARO(D) P r o j e c t  N o .  2810P. The c r o s s  s e c t i o n s  t a b u l a t e d  i n  
t h i s  r e p o r t  have been conver ted  t o  a b s o r p t i o n  c o e f f i c i e n t s  by 
t h e  r e l a t i o n  k(cm'l) = 270(Mb). 
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a 
TABLE 111. Helium absorption coefficients from 262 8 to threshold. 

Shell k( cm-l) 

18 

K 262.1 

283.1 

294.1 

297.9 

308.4 

317.7 

323.2 

329.3 

338.1 

352.2 

357.5 

364.0 

368.4 

375.7 

382.1 

390.6 

394.0 

397.1 

400.3 

43 

60 

58 

69 

80 

84 

85 

91 

95 

103 

108 

113 

117 

120 

124 

132 

133 

133 

134 

405.7 

410.6 

416.6 

423.3 

425.5 

429.7 

436.5 

442.8 

448.8 

452.0 

464.4 

473.6 

478.0 

482.0 

489.3 

494.3 

498.4 

503.0 

504.26 

140 

143 

148 

15 6 

157 

15 7 

160 

163 

166 

167 

174 

180 

184 

185 

19 1 

195 

19 6 

198 

a Present data. 



1 1  
TABLE I V .  Helium f -va lues  f o r  the  t r a n s i t i o n  1 S-n P as  obtained 

3 from t h e  r e l a t i o n  f = C / n  . 

n 
a Dalgarno and Stewart  Present  data  

f = C/n 3 

1 
L .270 .229 

3 .0746 .0679 

4 .0304 .0286 

5 .01530 .0147 

6 .00878 .00848 

7 .00505 

8 .00359 

9 .0025 1 

10 .00183 

A .  Dalgarno and A .  L.  S tewar t ,  Proc .  Phys. SOc. 7 6 ,  49 ( 1 9 6 0 ) .  a - 
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was obtained by both  Dalgarno and S t e w a r t ,  1 2  and by S a l p e t e r  and Z a i d i .  13 

The c a l c u l a t i o n s  inc luded  t h e  f - v a l u e s  f o r  t h e  doubly e x c i t e d  t r a n s i t i o n s  

a s  wel l  a s  those  f o r  t h e  resonance s e r i e s .  S ince  Dalgarno and Stewar t  

quote  f - v a l u e s  only f o r  n = 2 t o  6 t h e  remainder of t h e  sum f o r  n = 7 

t o  co was obta ined  from t h e i r  e a r l i e r  paper .  11 

D i s c r e t e  t r a n s i t i o n s  f o r  l a r g e  n have f - v a l u e s  g i v e n ,  approximate ly ,  

by f = C/n3,24 where n i s  t h e  p r i n c i p a l  quantum number and C i s  g i v e n  by 

twice t h e  v a l u e  of d f / d c  e v a l u a t e d  a t  t h e  s e r i e s  l i m i t  (k  = 2 1 7  d f l d c  cm ) ;  

E being t h e  k i n e t i c  energy of t h e  r e l e a s e d  p h o t o e l e c t r o n  measured i n  

rydbergs .  Using t h e  p r e s e n t  exper imenta l  d a t a  we f i n d  C = 1 . 8 3 .  Table  I V  

compares t h e  r e s u l t s  of Dalgarno and Stewar t  w i t h  t h e  v a l u e s  obta ined  

from the above r e l a t i o n .  A s  n i n c r e a s e s  w e  f i n d  t h e  two r e s u l t s  i n  good 

agreement.  

-1 

2. Neon 

A s  i n  hel ium, t h e  p h o t o i o n i z a t i o n  c r o s s  s e c t i o n s  of neon were t r e a t e d  

t h e o r e t i c a l l y  many y e a r s  b e f o r e  t h e  f i r s t  exper imenta l  r e s u l t s  were a v a i l a -  

b l e ,  The e a r l y  r e s u l t s  by Bates25 i n  1939 gave t h e  v a l u e  of t h e  photo- 

-18 2 
i o n i z a t i o n  c r o s s  s e c t i o n  of neon a t  i t s  s p e c t r a l  head a s  5.8 x 10 c m  , 

i n  good agreement w i t h  l a t e r  exper imenta l  r e s u l t s .  More r e c e n t l y  26 , 27 

Seaton28 and Cooper'' have p u b l i s h e d  t h e o r e t i c a l  t r e a t m e n t s .  Seaton 

h a s  c a l c u l a t e d  t h e  c r o s s  s e c t i o n  down t o  and i n c l u d i n g  t h e  L1 edge,  

which i n v o l v e s  a b s o r p t i o n  by t h e  2 s  e l e c t r o n s .  Cooper does n o t  compute 

t h e  c o n t r i b u t i o n  o f  t h e  2s  e l e c t r o n s  and hence h i s  curve  does n o t  show 

20 



t he  L a b s o r p t i o n  d i s c o n t i n u i t y .  Tile t h e o r e t i c a l  cu rves  of  Seaton and 

Cooper a r e  repi-oduced i n  F ig .  5 a long wi th  the  p r e s e n t  exper imenta l  

r e s u l t s -  

1 

Prev ious  exper imenta l  work by PO Lee and Weissler" and a l s o  by 

27 Ditchburn g i v e  c r o s s  s e c t i o n s  which a r e  from 15  t o  20% lower than  

those  p re sen ted  he re .  F u r t h e r ,  t h e i r  curves  r i s e  more s t e e p l y  from the  

s p e c t r a l  head and f a l l  o f f  more sha rp ly  near  the  L edge.  The r e c e n t  

work by Ederer  and Tomboulian2' p rovides  the  only o t h e r  exper imenta l  

d a t a  a v a i l a b l e .  A s  i n  e a r l i e r  experiments  they used t h e  photographic  

I < ' i  iiod of r eco rd ing  the  i n c i d e n t  r a d i a t i o n  inter-isi ty w i t h  t h e  excep t ion ,  

however, o f  u s ing  a Geiger  coun te r  a t  s eve ra l  s e l e c t e d  wavelengths .  

I n s t e a d  of f i l l i n g  t h e  spec t rog raph  w i t h  neon a s  was done by the  p rev ious  

i n v e s t i g a t o r s  they  used a smal l  abso rp t ion  c e l l  w i t h  t h i n  Zapon windows. 

The c e l l  was l o c a t e d  between t h e  en t rance  s l i t  and the  g r a t i n g .  Thus, 

t h e  p r e s e n t  exper imenta l  t echniques  d i f f e r  i n  many ways from a l l  t he  

p rev ious  methods. B r i e f l y ,  t h e  p r e s e n t  method u t i l i z e s  a windowless 

a b s o r p t i o n  c e l l  l o c a t e d  behind the  e x i t  s l i t .  The i n c i d e n t  and t r ansmi t -  

t e d  r a d i a t i o n  i s  measured s imul taneous ly  by us ing  t h e  double  i o n  chamber 

a s  a d e t e c t o r  of t h e  r a d i a t i o n .  I t  i s  t h i s  l a s t  t echnique  which i s  

mainly r e s p o n s i b l e  f o r  reducing  t h e  s c a t t e r  i n  t h e  exper imenta l  p o i n t s .  

A s  i n  t h e  case of hel ium, t h e  r e a g e n t  grade neon was passed  through a 

l i q u i d  n i t r o g e n  cooled  a c t i v a t e d  charcoa l  t r a p  f o r  f u r t h e r  p u r i f i c a t i o n  

b e f o r e  i t  e n t e r e d  t h e  abso rp t ion  chamber. 

1 

2 1  
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The exper imenta l  r e s u l t s  a r e  shown i n  F i g .  5 and a r e  compared w i t h  

t h e  t h e o r e t i c a l  curves  of Seaton and Cooper. S e a t o n ' s  d i p o l e  l e n g t h  

approximation i s  the  c l o s e s t  f i t  t o  the exper imenta l  r e s u l t s ,  e s p e c i a l l y  

a t  t h e  s p e c t r a l  head. Both approximations reproduce t h e  s p e c t r a l  shape 

of t h e  a b s o r p t i o n  curve.  Cooper 's  one e l e c t r o n  model, however, d e v i a t e s  

somewhat more i n  i t s  s p e c t r a l  shape. H i s  curve a g r e e s  w i t h  t h e  g e n e r a l  

exper imenta l  shape by i n c r e a s i n g  t o  a maximum and then  d e c r e a s i n g ,  however, 

t h e  p o s i t i o n  of t h e  maximum i s  l o c a t e d  a t  s h o r t e r  wavelengths .  

The v e r t i c a l  l i n e s  shown i n  F ig .  5 i n d i c a t e  t h e  p o s i t i o n  of  t h e  

6 1 0  a b s o r p t i o n  se r ies  due t o  t h e  t r a n s i t i o n  2s22p6 ' S  -2s2p np P1 as ob- 
0 

2 served  by Madden and Codling. 

The o s c i l l a t o r  s t r e n g t h  f o r  t r a n s i t i o n s  i n t o  t h e  continuum was 

measured g r a p h i c a l l y  from t h r e s h o l d  t o  .01 8. An f - v a l u e  of 10.03 was 

obta ined .  The d a t a  used t o  o b t a i n  t h e  f - v a l u e s  a r e  g iven  i n  Tables  V- 

V I I .  The c o n t r i b u t i o n  from t h e  I'.-shell was 1.81. The v a r i a t i o n  of 

k w i t h  X i n  t h e  r e g i o n  between 100 8 and t h e  K-edge ( 1 4 . 3  2) can be 

expressed  u s i n g  t h e  r e l a t i o n  

- 4  x2.6 k = 5.7 x 10 

-1 where k i s  i n  cm 

used by Ederer .  Using t h e  sum r u l e ,  f f o r  t h e  continuum and d i s c r e t e  

a b s o r p t i o n  l i n e s  must be equal  t o  10. Since t h e  e r r o r  l i m i t s  a r e  unknown 

f o r  t h e  d a t a  i n  Table V w e  cannot  a s s i g n  an experimental  e r r o r  t o  !:he 

v a l u e  f = 10.03 and t h u s  cannot  p r e d i c t  t h e  t o t a l  d i s c r e t e  o s c i l l a t o r  

and X i s  i n  g. This  i s  e s s e n t i a l l y  t h e  same r e l a t - o n  

29 
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TABLE V .  Neon a b s o r p t i o n  c o e f f i c i e n t s  from .01  t o  44 .6  2. 

a Seniiemp ir ica 1 
k( cm”) 

S h e l l  

K .01 - - -  . 0 5 l ~ l O - ~  r e f .  b 
.071 .02  

.03 - - -  .084 
. l o 2  .05 
. 1 2 1  .08 

.131 . l o o  
.130 .143 It - - -  
.175 .166 ‘ I  - - -  
.200 .189 ‘ I  - - -  
.260 .243 I t  - - -  
.417 .522 I f  - - -  
.497 .837 ‘ I  - - -  
.63 1 1 .62  ‘ I  - - -  
. 7  10 2.25 ’ I  - - -  
.880 4.09 I ’  - - -  

1.00 5.85 ‘ I  

1.235 11.16 I ’  - - -  
1.389 1 5 . 3  - - -  
1 . 5 4  21.6 - - -  
1.934 4 4 . 1  - - -  
2.500 90 
3.57 247 
4.36 430 
5.17 687 
6.97 1554 

9.87 3879 

1 1  

I I  

I I  

11 

- - -  

- - -  
- - -  

.098 . 1 3 3 ~ 1 0 - ~  - - -  
1 1  - - -  

- - -  
1 1  

I 1  

I I  

1 1  

1 1  

1 1  

I I  

1 1  

- - -  
- - -  
- - -  
- - -  
--- 

8.32 247 5 I I  2487 . O O O X ~ O - ~  r e f .  c 
I I  

1 1  1 1  1 1  

- - -  
13.37 7650 7416 
14.298 

17 .6  - - -  9 7 1  
21.7 - - -  1677 
23.7 - - -  2141 

3218 27.4 - - -  
47 25 31.6 - - -  

36.3  - - -  6876 
11860 44.6 11790 

- - -  - - -  
I I  1 1  

1 1  I I  

1 1  ! I  

I I  1 1  

I I  1 1  

11 11 

I I  I I  I I  

a 
Determined from the  mass a b s o r p t i o n  c o e f f i c i e n t s  compiled by 
S.J.M. A l l e n  i n  A . H .  Compton and S . K .  A l l i s o n ,  X-Rays i n  Theory 
and Experiment, (D.VanNostrand C o . ,  I n c . ,  N . Y . ,  1935),  p .  799. 

J. A .  Victoreen ,  J. Appl.  Phys.  20, 1141 (1949) .  

B .  L .  Henke, J. Appl. Phys.  28, 98 (1957) .  

b 

C 
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TABLE V I .  Neon a b s o r p t i o n  c o e f f i c i e n t s  from 80 t o  283 8 .  

S h e l l  k( an-') -1 k(cm ) 

L 80.57 
83.50 
85.32 
90.40 
96.58 
99.60 

104.81 
110.48 
115.82 
117.85 
118.97  
129.83 
133.45 
135.52 
138.07 
150.01 
151.50 
159.36 
162.47 
164.60 
166.17 
168.08 
172.16 
173.01 
184.04 
185 i 5  
185.74 
192.82 
194.59 

67.2 
68 .O 
74.3 
81.3 
71.3 
77.8 
91.3 

100.4 
99.9 

102.3 
104.8 
118.8 
127.2 
129.1 
133.7 
152.6 
151.7 
160.9 
164.4 
164.2 
168.2 
170.1 
177.7 
183.1 
182.5 
187 .O 
191.7 
191.2 
182.8 

195.95 
202.32 
203.86 
207.24 
209.28 
214.25 
215.20 
218.50 
220 . 3' 
227.52 
225,O:: 
231.20 
233.52 
238.47 
241.50 
243.02 
246.20 
247.60 
248.60 
251.50 
256.31 
260.45 
263.45 
266.95 
267.50 
277.30 
283.50 
282.32 

195.8 
203.3 
200.1 
2G6.3 
204.7 
209 .o  
207.6 
207 .O 
217 . O  
220.9 
213.0 
221.7 
221.4 
222.2 
212 .o 
220,o 
231.3 
230.9 
240.0 
225 .O 
230.0 
236.0 
237 .€I 
230.0 
212 .o  
206.6 
216.0 
215.7 

D .  L.  Ederer  and D .  H .  Tomboulian, Tech. Rep. No. 10, C o n t r a c t  N o .  
Nonr-401( 37) , (June 1963) . 

a 



a 
TABLE V I I .  Neon a b s o r p t i o n  c o e f f i c i e n t s  f r o m  threshold  to 200 8 .  

She 1 1  k( cm- ' )  k( cm-') 

L 2 8 3 . 1  
297 .9  
329 .3  
3 3 8 . 1  
3 5 2 . 2  
3 6 4 . 0  
3 6 8 . 4  
375 .7  
3 8 2 . 1  
390 .6  
3 9 4 . 0  
3 9 7 . 1  
400 .2  
405 .7  
410 .6  
416 .6  
4 2 3 . 3  
425 .5  
429.7 
4 3 6 . 5  
4 4 2 . 8  

224 
228 
236 
238 
24  1 
245 
243 
243 
242 
242 
2 4 1  
241  
243 
243 
243 
242 
242 
243 
242 
239 
240 

4 4 8 . 8  
452 .0  
4 6 4 . 4  
473 .6  
4 7 8 . 0  
482  .O  
4 8 9 . 3  
4 9 4 . 3  
4 9 8 . 4  
503  . O  
5 1 1 . 0  
5 1 6 . 1  
521 .6  
528 .7  
5 4 1 . 4  
545 .9  
5 5 3 . 5  
558 .0  
5 6 1 . 6  
5 6 7 . 5  
573 .5  
5 1 4 . 9 3  

240 
239 
234 
23 1, 
230 
228 
225 
223 
221  
2 18 
2 14 
212 
23s 
202 
13 8 
193 
188 
186 
185 
182 
168 
- - -  

a P r e s e n t  d a t a .  
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s t r e n g t h s .  T h e o r e t i c a l  c a l c u l a t i o n s  have been made on t h e  v a l u e s  of 

30 the  d i s c r e t e  o s c i l l a t o r  s t r e n g t h s  by Cooper16 and by Gold and Knox. 

Gold and Knox obta ined  an f -va lue  of 0.11 f o r  t h e  736 2 l i n e  and .011 

f o r  t h e  742 2 l i n e .  From Cooper 's  c a l c u l a t i o n s  tlie 2p-nd and the  2p-ns 

t r a n s i t i o n s  were e s t ima ted  t o  c o n t r i b u t e  0 .3  t o  the  d i s c r e t e  o s c i l l a t o r  

s t r e n g t h s .  

by Landol t  and B k n s t e i n .  

An exper imenta l  va lue  E = . 2  f o r  t h e  736 2 l i n e  i s  quoted 

31 Using t h i s  va lue  and assuming the  r e l a t i o n  

3 f = C/n t o  hold  f o r  n > / 4  we f i n d  a va lue  f = 0.27. A s  de f ined  pre-  

v i o u s l y ,  C = 2 d f / d c  where k = 217 d f /dc  and i s  measured a t  t he  s p e c t r a l  

head. From a l l  t he  above c o n s i d e r a t i o n s  i f  w e  e s t i m a t e  a t o t a l  d i s c r e t e  

o s c i l l a t o r  s t r e n g t h  t o  be 0.3 we then  g e t  a t o t a l  f -va lue  of 10.33 i n  

good agreement w i t h  t h e  sum r u l e .  

I n  t h e  c a s e  of neon, k-va lues  i n  the p h o t o i o n i z a t i o n  continuum would 

need t o  be known t o  an accuracy b e t t e r  than 4% i n  o rde r  t o  determine t h e  

t o t a l  d i s c r e t e  o s c i l l a t o r  s t r e n g t h  more a c c u r a t e l y  f o r  comparison w i t h  

theo ry .  

3. Argon 

Absorp t ion  c r o s s  s e c t i o n  measurements i n  argon have been made by 

s e v e r a l  i n v e s t i g a t o r s .  32-35 

a s  10 t o  50% F u r t h e r ,  no pub l i shed  d a t a  e x i s t  which show t h e  d e t a i l e d  

s p e c t r a l  shape of t h e  a b s o r p t i o n  curve  from t h r e s h o l d  t o  beyond 600 8. 
36 

With t h e  excep t ion  of some concur ren t  work by Tomboulian and Ederer  

and by R ~ s t g i ~ ~  no c r o s s  s e c t i o n  d a t a  a re  a v a i l a b l e  between 400 2 and 

t h e  L a b s o r p t i o n  edge a t  50 2. 

The i r  r e s p e c t i v e  v a l u e s  d i s a g r e e  by as much 
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The p r e s e n t  exper imenta l  r e s u l t s  a r e  shown i n  F i g .  6 .  A p re l imina ry  

r e p o r t  of t hese  measurements has been pub l i shed  p r e v i o u s l y .  38 

abso rp t ion  c o e f f i c i e n t s  were measured from t h r e s h o l d  t o  280 8. 
v e r t i c a l  l i n e s  i n  F ig .  6 between the  P312 and 2P112 l e v e l s  simply in -  

d i c a t e ,  s chemat i ca l ly ,  t he  Beu t l e r  a b s o r p t i o n  l i n e s  which ove r l ap  t h e  

The 

The 

2 

39 continuum. 
312 

2P 

The theo re t i ca l4 '  va lue  of k a t  t he  s p e c t r a l  head i s  i n  e x c e l l e n t  

-1 agreement wi th  the  exper imenta l  v a l u e  of 840 cm . I n  t h e  c a l c u l a t i o n s  

no d i s t i n c t i o n  was made between the  two edges ;  t h u s ,  we have reproduced 

the  p o i n t  on the  2Pl12 edge f o r  a c l eaTer  comparison. 41 The t h e o r e t i c a l  

model of Cooper's'' p rov ides  k - v a l u e s  of t he  c o r r e c t  o rde r  of magni tude,  

however, the s p e c t r a l  shape of t he  a b s o r p t i o n  curve shows an immediate 

decrease  i n  the  abso rp t ion  c o e f f i c i e n t s  t o  wavelengths  s h o r t e r  t han  t h e  

L edge i n  c o n t r a d i c t i o n  t o  the  p r e s e n t  exper imenta l  d a t a .  Recent p1/2 

over  t he  same s p e c t r a l  r e g i o n  37,42 experimental  work by o t h e r  groups 

confirm our s p e c t r a l  shape,  and t h e i r  &-values  ag ree  w i t h i n  a few pe r -  

c e n t  of t hose  r e p o r t e d  he re .  

D i sc re t e  abso rp t ion  s t r u c t u r e  due t o  e x c i t a t i o n  of t h e  i n n e r  

s - e l e c t r o n s  can  be seen s t a r t i n g  a t  466 x and ending w i t h  t h e  removal 

of the s - e l e c t r o n  a t  424 8. 
c i t a t i o n  of t h e  3s e l e c t r o n s  i s  due t o  c o n f i g u r a t i o n  i n t e r a c t i o n  between 

t h e  d i s c r e t e  s t a t e s  and t h e  unde r ly ing  continuum.43 An e x c e l l e n t  photo- 

graph of t h i s  s e r i e s  i s  g iven  by Madden and Codling,2 w h i l e  a d i s c u s s i o n  

of the Rydberg s e r i e s  i s  g iven  i n  r e f e r e n c e  4.  

The unusual  dec rease  i n  a b s o r p t i o n  f o r  ex- 

28 
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Relative photoionization cross sections CJ in argon were first i 

measured by Weissler et al., 44 using a mass spectrometer. 

finition of the photoionization yield, Y ,  it can be shown45 that 

From the de- 

where C is a constant for any given pressure and path length, i is the 

ion current, and I is the relative photon intensity. The approximation 

is very good provided & << 1, where k is the absorption coefficient 

and - x is the path length reduced to S.T.P. 
sary to have a detector with a flat response as a function of wavelength; 

normally sodium salicylate is used. 

In measuring I it is neces- 

46 Recently, Schgnheit published a more detailed curve of the rela- 

tive cross sections using a mass spectrometer and a line enission light 

source similar to that used above. His very low relative cross section 

value at 466 8 is undoubtedly due to the 3s-np excitation. 

47 Comes and Lessmann, also using a mass spectrometer, studied the 

relative cross sections down to 685 8. They observed considerable ap- 

parent structure to the short wavelength side of the 2P1/2 edge. This 

structure is not apparent in the present work nor in any work using 

the conventional absorption techniques. Although some scatter of points 

is observed above the 

on them at this time. 

strong ionization contjnuum are more easily Qbserved at the low pres- 

sures used in the relative cross section measurements. 

2 P1,2 edge in Fig. 6 no significance is placed 

It may be possible that weak excitations in a 

30 



In 

M1 edge 

where & 

the present work the absorption coefficients decrease from the 

according to the relation, 

32 h5.5 - k = 2.35 x 10 J 

-1 is measured in cm and h in cm. 

Thus, we are able to estimate the values of the absorption coefficients 

down to the L-edge at 50 E. 
and one must be careful in extrapolatins such a relation over an extended 

wavelength region. However, in all probability, coefficients can be 

estimated within an order of magnitude. Preliminary data by Ederer and 

Tomboulian give k = 36.5 cm at 182.2 8, whereas Eq. (1) yields only 
6.4 cm . 

There is no theoretical basis for Eq. (1) 

36 -1 

-1 

Table IX lists the experimentally determined absorption coefficients 

from threshold down to 280 E. In Table VI11 absorption coefficients are 

listed from 44 - .01 2 as obtained from the data conpiled by Allen48 and 

the semiempirical values determined by Henke4’ and Victoreen. 50 

Using the coefficients tabulated in Tables VI11 and IX, and apply- 

ing Eq. (1) to the interval 50-300 8, one obtains the oscillator strength 
for transitions into the continuum, using the relation 

f = 4.19 x 10 - 8 s k ( v )  dv. 

The integral was carried out graphically for t-he data in the Tables. 

The K-shell contributes 1.77 down to .01 8, the L-shell gives 7.51, and 

the M-shell a value of 5.65, excluding the region between the *1/ 2,3/ 2 
2 
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0 
TABLE VIII.  Argon a b s o r p t i o n  c o e f f i c i e n t s  from . O 1  t o  44.6 A .  

a Experimenta 1 Semiempir i c a  1 
k (  cm-') 

S h e l l  
k (  cm-l) 

K . O l  
.02 
.03 
-05  
.08 
.098 
. l o 0  
.130 
,175 
.200 
.260 
.417 
.497 
.63 1 
. 7  10 
,880 

1.000 
1 , 2 3 5  
1.389 
1 , 5 4 0  
1.934 
2.500 
3.570 
3.870 

L 3.870 
4.360 
5 .170  
6.970 
8.320 
9.870 

11.90 
13.3 
17 .6  
21.7 
23.7 
27.4 
31.6 
36 .3  
44.6 
5 0 . 6  

- - -  
. 3 2 8 ~ 1 0 - ~  

.437 It  

.714 

.794 I t  

1.510 
5.260 I '  

8.93  
17.45 
23.2 
42.9 
62.5 

111.0 
153.0 
2 1 1  . o  
420.0 
846 .O 

2160.0 
2610.0 

- - -  

I I  

1 1  

I 1  

1 1  

I 1  

1 1  

1 1  

1 1  

. 0 9 2 ~ 1 O - ~  r e f .  b 

.128 

.153 

.190 'I  

.247 

.293 ' I  

1 1  

1 1  

1 1  

1 1  

- - -  
I t  

- - -  

- - -  
263.0 It  

360.0 
578 .O I 1  

1335 .O I t  

2070 .O 1 1  

3320.0 
5360 .0  

1 1  

1 1  

- - -  

- - -  
2076 . O O O X ~ O - ~  r e f .  c 

- - -  
I 1  I t  

1 1  1 1  

1 1  ?l 

1 1  I 

1 1  1 1  

I 1  ! I  

1 1  1 1  

6760 
12680 
19720 
24150 
33700 
45 800 
61950 

~~ 

a Determined from t h e  mass a b s o r p t i o n  c o e f f i c i e n t s  compiled by 
S . J . M .  A l l e n  i n  A . H .  Compton and S . K .  A l l i s o n ,  X-Rays i n  Theory 
and Experiment,  ( D  VanNostrand Co.,  I n c . ,  N. Y., 1935),  P .  7 3 3 .  
J .  A .  V i c t o r e e n ,  J .  Appl.  Phys .  20, 1141 (1949) .  
B .  L .  Henke, J .  Appl.  Phys.  28, 9 8  (1957) .  C 
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a 
TABLE IX. Argon a b s o r p t i o n  c o e f f i c i e n t s  f rom t h r e s h o l d  t o  280 2, 

- 
- 1  

h (8) k (  cm-l) x(8) k(  cm-l) h ( 2 )  k(cm -) 
-1 i ( g )  k(cm ) 

282 .8  
297 .S  
308 .0  
317.3 
323.0  
329 .O 
337.6  
351.0  
357.6 
363 .8  
375.2 
381.6  
389.9 
393.3 
396 .S 
3 9 9 . 3  
405 .2  
405.7 
410.0  
411.5  
416.9 
417 .6  
418.2  
4 1 8 . 8  
419.4  
420.0  
420.7 
421 .3  
421 .8  
4 2 2 . 4  
4 2 5 . 2  
425 .8  
4 2 6 . 4  
427 .O 
427.7 
428 .3  
428.9  
429.5 
430 .1  
430 .9  
431.5  
432 .2  
432.9 
433.7 
434 .2  
434 .5  
435 .O 
436 .0  
436.5 
436.7  

23  
47 
7 2  
9 8  
115 
143 
167 
233 
253 
285 
360 
382 
434 
426 
45 4 
466 
535 
520 
558 
562 
7 09 
7 34 
750  
769 
7 81  
790  
800 

760  
738  
7 6 2  
767 
767 
7 9 0  
712 
764  
7 6 0  
752  
773 
798  
7 89 
7 87 
804 
7 82 
747 
692 
7 03 
742  
766 
770 

7 67 

436.9 
437.5  
438 .1  
438 .8  
439.4  
440 .0  
440.7 
441.3  
441.9  
442 .1  
442.6  
4 4 3 . 2  
443 .  e, 
444 .2  
444.5 
4 / ! 5 . 1  
445.7 
446 .4  
447 .9  
449.8  
450.2  
450.8  
4 5 1 . 4  
452.1  
452.7 
453.3  
453.9  
454.5  
455.2  
455.8  
457 .o 
457.6  
459.8  
462 .2  
462.5 
463 .1  
463.7 
4 6 4 . 4  
465 .0  
465 .6  
466 .3  
466.6  
466.9  
467 .6  
468 .2  
468.7 
468 .8  
469.5  
4 7 0 . 1  
470 .8  

768  
770  
796 
7 94  
7 80 
768  
763 
757 
7 3 1  
7 12 
695 
673 
720  
773 
778  
796 
796 
7 96 
7 88 
7 87 
790  
808 
800 
808 
798  
817 
810 
810 
800 
790  
783 
780  
778 
7 6 8  
7 6 8  

723  
669 
579 
49 2 
536 
619 
695 
82 2 
882 
900 
897 
900 
897 
900 

7 ao 

471.3 
474.0 
475.7 
479.4  
484.2 
486.8 
487.3 
492.5 
496.5 
479.4  
501.3 
505.8  
509.3 
512.1  
514.3  
517.5  
517.5 
521.9 
524.2 
526.7 
529.3 
532.0  
536.0 
539.3 
541.8 
544.9 
549.3 
551.4  
555.1  
558.8 
562 .1  
564.6 
567.9 
570.4  
573.7 
577 .o 
580.0 
583.0 
585.5 
588.9 
594 .1  
596.7 
599.5 
603.4 
608.5 
610.0 
613 .O 
614.8 
616.7 

900 
9 12 
909 
9 00 
9 12 
9 12  
9 15 
3 15 
924 
926 
9 24 
936 
936 
945 
945 
352 
945 
964 
964 
964 
9 9 1  
978 
9 85 
97 1 
999 
973 
973 
9 85 
9 85 
9 85 
995 
9 8 1  
981  
981  
97 1 
97 8 
964 
97 8 
373 
990 
978 
97 8 
9 9 1  
93 1 
9 6 4  
973 
998 
99 1 
79 3 

618.8  
625 .2  
629.8  
634.0  
637 .O 
641.0  
644 .1  
649 .O 
651 .0  
660 .0  
662.7 
664 .8  
668 .3  
670 .2  
675 .2  
677.1  
680.5 
683 .O 
684 .8  
6 8 8 . 4  
692.8  
694 .9  
700 .0  
7 0 3 . 0  
7 0 5 . 4  
7 0 9 . 2  
713.7 
715 .5  
7 1 8 . 4  
721 .0  
7 2 4 . 8  
7 2 7 . 2  
735 .6  
737 .o 
739.9  
742 .4  
744 .6  
747 .5  
7 5 1 . 1  
75: 1 
760.6  
7 6 5 . 3  
7 6 7 . 3  
7 7 2 . 4  
774 .6  
776.8  
779.7  
783.2  
7 8 7 . 6  

981  
97 8 
973 
978 
9 6 4  
97 1 
97 1 
97 1 
973 
35 2 
97 1 
968 
956 
960 
9 24 
936 
945 
945 
945 
950 
940 
945 
9 15 
945 
934 
9 15 
912 
9 20 
940 
9 15 
900 
900 
883 
887 
906 
9 05 
890 
865 
845 
866 
856 
876 
830 
860 
852 
845 
627 
67 1 
364 

a 
P r e s e n t  d a t a .  
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edges.  I f  we cons ider  t h e  c o n t r i b u t i o n  t o  t h e  o s c i l l a t o r  s t r e n g t h s  

f o r  d i s c r e t e  t r a n s i t i o n s  i n  t h e  K and L - s h e l l s  t h e n  t h e  above f-numbers 

approach 2 and 8 ,  r e s p e c t i v e l y .  To f i n d  t h e  t o t a l  o s c i l l a t o r  s t r e n g t h  

f o r  the M-shell we must i n c l u d e  t h e  c o n t r i b u t i o n  from t h e  resonance 

l i n e s ,  t h e  B e u t l e r  l i n e s ,  and t h e  continuum between t h e  

The resonance f - v a l u e s  have been computed by Knox 

and .05  (1067 2). 

edges .  2 
Pl12,312 

5 1  
y i e l d i n g  0 . 2  (1048 E) 

An e s t i m a t e  of t h e  remaining members of t h e  s e r i e s  

t h r e s h o l d  i s  g i v e n  by 5 
'312 3p n s '  up t o  t h e  

n=5 

where C = 7 . 8 4 .  T h i s - g i v e s  € 0.355 f o r  t h e  resonance l i n e s .  Metzger 

-- e t  a l . ,  quote  a t o t a l  of .038 f o r  t h e  B e u t l e r  l i n e s  and t h e  under- 

l y i n g  2~ 

M-shell i s  6 . 0 4 .  Since  t h e  Thomas-Kuhn sum r u l e  r e q u i r e s  f = 18 f o r  

argon and s i n c e  t h e  i n d i v i d u a l  c o n t r i b u t i o n s  from t h e  K and L - s h e l l s  

34 

continuum. Thus, t h e  t o t a l  o s c i l l a t o r  s t r e n g t h  f o r  t h e  
31 2 

a r e  approximately 2 and 8 ,  r e s p e c t i v e l y ,  i t  might be suggested t h a t  

t h e  sum r u l e  a p p l i e s  t o  each s h e l l .  T h i s  would then  r e q u i r e  t h a t  t h e  

M-shell c o n t r i b u t e  f = 8 i n  c o n t r a s t  t o  t h e  e s t i m a t e d  v a l u e  of 6 . 0 4 .  

Thus, e i t h e r  - lc does n o t  d e c r e a s e  s o  r a p i d l y  as i n d i c a t e d  by Eq. (1) o r ,  

p o s s i b l y ,  t h a t  t h e  a b s o r p t i o n  c o e f f i c i e n t s  i n c r e a s e  t o  some maximum 

v a l u e  a s  i n d i c a t e d  t h e o r e t i c a l l y  by Cooper." I n  f a c t  such an a n a l y s i s  

of the exper imenta l  f-number a s  g i v e n  above s t r o n g l y  f a v o u r s  Cooper 's  

p r e d i c t i o n  t h a t  t h e  a b s o r p t i o n  c o e f f i c i e n t s  should s t a r t  t o  i n c r e a s e  

below 300 8. 
a r e  necessary between 50 and 300 8. 

To c l e a r  up t h i s  p o i n t  exper imenta l  a b s o r p t i o n  c o e f f i c i e n t s  

34 



4.  Krypton 

The only  t h e o r e t i c a l  t r ea tmen t  of krypton  i s  t h a t  by Cooper. l6 A s  

i n  a rgon ,  however, t h e  t h e o r e t i c a l  abso rp t ion  curve  shows an immediate 

dec rease  from t h e  2Pl12 s p e c t r a l  head, t h e  dec rease  be ing  concave down 

t o  t h e  s h o r t e s t  wavelengths .  

The exper imenta l  r e s u l t s ,  i l l u s t r a t e d  i n  F i g .  7 ,  show an i n i t i a l  

i n c r e a s e  i n  t h e  c r o s s  s e c t i o n s  from the  2P 

maximum about  760 51 then  dec reas ing  t o  t h e  N 

t h r e s h o l d  coming t o  a 

edge. P r i o r  t o  t h e  N 

112 

1 1 

edge d i s c r e t e  a b s o r p t i o n  d i p s  a r e  observed s i m i l a r  t o  those  i n  argon.  

Thei r  p r e c i s e  p o s i t i o n s  a r e  i n d i c a t e d  by t h e  v e r t i c a l  l i n e s  a s  ob ta ined  

w i t h  a f l a s h  tube continuum l i g h t  source.  S i m i l a r  a b s o r p t i o n  l i n e s  

have been r e p o r t e d  by Madden and C ~ d l i n g . ~  The N edge i s  t h e  x - r ay  

terminology f o r  t h e  i o n i z a t i o n  p o t e n t i a l  of t h e  4 s - e l e c t r o n s  and i s  nor- 

5' 

1 

mally c h a r a c t e r i z e d  by an ab rup t  ?Increase i n  the  abso rp t ion  c o e f f i c i e n t .  

However, i n  t h e  case  of t h e  r a r e  gases  t h e s e  ab rup t  changes e i t h e r  do 

n o t  e x i s t  o r  a r e  ex t remely  smal l  f o r  t h e  o u t e r  s h e l l s .  A s  can  be seen  

i n  F ig .  7 t h e  abso rp t ion  c o e f f i c i e n t s  dec rease  smoothly be fo re  and a f t e r  

t h e  N1 edge.  

t h e  v i c i n i t y  of  130 2 a l s o  shows a smooth a b s o r p t i o n  curve  on e i t h e r  s i d e  

5 :! 
The r e c e n t  K r  spectrum taken  by Codling and Madden i n  

of t h e  M edge ( t h a t  i s ,  t h e  i o n i z a t i o n  l i m i t  of t h e  3 d - e l e c t r o n s ) .  
4 , 5  

Below t h e  N edge and between 350-185 R t h e  a b s o r p t i o n  curve  can 
1 

be  f i t t e d  t o  the  r e l a t i o n  

lc(cm-l) = 1 . 4  x h4 (2). (1) 
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36 This  f i t s  smoothly t o  the  d a t a  p o i n t s  a t  185 2 by Ederer  and Tomboulian. 

2 The k-va lue  a t  the  s p e c t r a l  head ( P ) i s  found t o  be 1140 cm-l 
112 

k 5% i n  e x c e l l e n t  agreement w i t h  Pery-Thorne and G a r t ~ n ~ ~  who quote  a 

34s42254'55 do n o t  quote  v a l u e  of 1120 c m  2 18%. Other  i n v e s t i g a t o r s  

a v a l u e ,  however, from t h e i r  curves  they a r e  i n  approximate agreement,  

w i t h  t h e  excep t ion  of Huffman e t  a l .  54 The i r  r e s u l t s  a r e  a l l  about  15% 

h i g h e r  than  t h e s e  p re sen ted  h e r e  and may be due t o  t h e i r  method of cor -  

r e c t i n g  f o r  t h e  p r e s s u r e  i n  a dynamic gas  flow a b s o r p t i o n  c e l l .  We have 

-1 

made no c o r r e c t i o n s  s i n c e  wi th  our p a r t i c u l a r  abso rp t ion  c e l l  the g a s  

p r e s s u r e  appears  t o  be uniform and s t a b l e .  

Measuring t h e  f -va lue  from the  2P t h r e s h o l d  down t o  284 g w e  

t o  t h e  M5 edge (132 2) us ing  

112 

g e t  f = 5.65.  E x t r a p o l a t i n g  from 284 

l i n e s  

34 
e t  a l .  -- 

Eq. (1) an f - v a l u e  of 0 .04 i s  obta ined .  The continuum and Beu t l e r  

edges c o n t r i b u t e s  0.216 according t o  Metzger between t h e  P 

o r ' 0 . 2 8 7  accord ing  t o  Huffman e t  a l . 54  Taking t h e  mean of the  two 

2 
1 / 2 , 3 / 2  

16 f = 0.252. The t h e o r e t i c a l  v a l u e  of t h e  d i s c r e t e  t r a n s i t i o n s  p r  

v a l u e s  

or  

t o  t h e  2P 

a t o t a l  o s c i l l a t o r  s t r e n g t h  of 6.8 f o r  t h e  4 ( s p )  e l e c t r o n s  down t o  the  

M5 edge. 

t h r e s h o l d  a r e  e s t ima ted  to  be  approximately 0.5.  This  g i v e s  31 2 

Table  X p r e s e n t s  t h e  a b s o r p t i o n  c o e f f i c i e n t s  i n  t h e  K-she l l  from 

The c o n t r i b u t i o n  .01 t o  .8 8 and one p o i n t  i n  t h e  M-shell a t  44.6 8. 
t o  t h e  continuum f-number due t o  t h e  K-she l l  i s  measured t o  be 1.63 from 

t h e  K-edge down t o  .01  8. 
ho ld  t o  284 8. 

Table X I  t a b u l a t e s  t h e  c o e f f i c i e n t s  from t h r e s -  
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0 
TABLE X .  Krypton a b s o r p t i o n  c o e f f i c i e n t s  from .01 - .8 and a t  44.6  A 

a b S h e l l  1 (% Exper imen ta 1 Empe r i c a  1 

k( cm-  ') k( cm-') 

K 

L 
M 

. O l O  

.012 

.015 

.020 

.025 

.030 

.040 

.050 

.060 

.080 

.098 

. l o o  

.120 

.150 

.200 

.260 

.417 

.497 

.63 1 

.7 10 

.800 

.866  - - -  
44.6 

- - -  
10.8  ' I  

21 
77 

129 
238 
338 
408 

1 1  

I 1  

I 1  

1 1  

I 1  

I 1  

.183 

.201 I I  

.227  ~i 

.263 

.298 

.334 ' I  

.414 

.5 14 
,649 

1.037 

1.64 
2.50 
4 . 4 0  
9.56 

11 

I 1  

I 1  

I 1  

I t  

- - -  
II 

I t  

I 1  

I 1  

- - -  
118000.  I 1  

Determined from the  mass a b s o r p t i o n  c o e f f i c i e n t s  compiled by S.J.M. A l l e n  
i n  A .  H .  Compton and S .  K .  A l l i s o n ,  X-Rays i n  Theory and Experiment, 
( D .  Van Nostrand Company, I n c . ,  N e w  York, 19351,  p .  7 9 9 .  

a 

J .  A .  Victoreen ,  J. Appl. Phys.  20, 1141 ( 1 9 4 9 ) .  
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a 
TABLE XI. Krypton a b s o r p t i o n  c o e f f i c i e n t s  from threshold t o  280 8 .  

h (g ) k (cm-l) h(61) k (  cm-') A(%) k(cm-') h (R)  k( cm-') 

283.7 
294.7 
298.5 
303 .O 
318.2 
323.7 
327 .O 
329.8 
338.5 
343.5 
352.6 
358 .O 
364.4 
368.7 
376.0 
380 .O 
382.4 
390.7 
394.0 
397.2 
400.3 
405.7 
410.6 

73 
1 1 2  
106 
160 
169 
244 
202 
193 
193 
201 
29 1 
27 8 
25 6 
325 
3 05 
340 
333 
376 
374 
400 
449 
435 
43 8 

416.6 
423.3 
425.5 
429.7 
436.5 
442.8 
447.3 
450.6 
462.8 
471.4 
474.4 
479.4 
487.2 
492.2 
496.3 
500.8 
508.8 
514.6 
519.6 
526.7 
539.6 
545.4 
555.1 

428 
439 
435 
532 
498 
5 27 
549 
570 
59 1 
562 
634 
675 
695 
699 
483 
7 27 
7 85 
303 
8 15 
835 
87 7 
888 
9 04 

564.6 
570.6 
586 .O 
596.6 
609.8 
618.9 
625.6 
630.2 
636.6 
640.8 
644.6 
649.7 
660.6 
663.6 
671 .1  
675.6 
685 . O  
694.6 
700.6 
709.1 
714.1 
721 .2  
725.6 

3 23 
948 
972 
993 

1028 
1041 
1049 
1053 
1057 

107 0 
1086 
107 8 
1096 
1104 
1037 
1121 
1136 
1122 
1146 
1136 
1163 
1132 

3 m - 7  IUI I 

736.8 
745.1 
748.1 
755.1 
760.4 
766 .1  
7 7 2 . 7  
779.4 
783.1 
788. i 
795.6 
800.8 
814.6 
821.5 
827.4 
834.8 
840.1 
844.6 
850.4 
857.6 
870.3 
878.6 
883.6 

1118 
1116 
1107 
1154 
115 1 
1169 
1180 
1157 
1176 
I 104 
1162 
1161 
109 1 
1116 
1153 
1140 
1167 
1147 
87 8 
89 1 
812 

1276 
488 

* - T C  

a Present data. 
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5.  Xenon 

no d a t a  on t h e  p h o t o i o n i z a t i o n  c r o s s  s e c t i o n s  34,35 U n t i l  r e c e n t l y ,  

of xenon e x i s t e d  and a t  p r e s e n t  t h e r e  a r e  no p u b l i s h e d  d a t a  t o  wave- 

lengths  s h o r t e r  than  600 2. 
xenon c r o s s  s e c t i o n s  i s  a v a i l a b l e .  However, some c u r r e n t  exper imenta l  

36 ,55  work i s  i n  p r o g r e s s  below 600 8. 

F u r t h e r ,  no t h e o r e t i c a l  t rea tment  of  t h e  

Figure 8 shows our experimental  r e s u l t s .  The d a t a  between 1020 

and 850 were t a k e n  w i t h  a hydrozeu DC glow d i s c h a r g e  lamp. S ince  t h e  

hydrogen spectrum becomes too  weak below 850 2 we a r e  n o t  t r o u b l e d  wi th  

second order  l i n e s  w i t h i n  t h i s  range .  T h i s  e n a b l e s  us  t o  o b t a i n  an 

t h r e s h o l d ,  
112 accura te  v a l u e  of t he  a b s o r p t i o n  c r o s s  s e c t i o n  a t  t h e  ‘P 

namely, 6 3  x 10 c m  (1700 cm ) .  
-18 - 2  -1 

The Beut le r  l i n e s  a r e  s o  broad t h a t  they can be r e s o l v e d  r a t h e r  

w e l l  using t h e  many l i n e d  hydrogen spectrum. S ince  t h e s e  l i n e s  have 

been s tudied  r a t h e r  e x t e n s i v e l y  by Huffman e t  a l . , 3 5  and by Metzger 

and Cook34 no e f f o r t  was made t o  improve t h e  d e t a i l  of t h e  l i n e s ,  r a t h e r ,  

t h i s  work c o n c e n t r a t e s  on t h e  a b s o l u t e  c r o s s  s e c t i o n s  and s p e c t r a l  

shape of t h e  i o n i z a t i o n  continuum below t h e  2P edge. Below 850 2 

t h e  high v o l t a g e  s p a r k  d i s c h a r g e  l i g h t  source  was used.  Between 700 

and 850 2 we a r e  s t i l l  t r o u b l e d  t o  some e x t e n t  by second o r d e r  l i n e s  

11 2 

and ca re  mus t  be t aken .  The s c a t t e r  i n  t h i s  r e g i o n  i s  probably due t o  

t h e s e  unwanted l i n e s .  S ince  t h e  c r o s s  s e c t i o n s  f o r  t h e  s h o r t  wave- 

lengths  a r e  s o  much lower than  f o r  t h e  long wavelengths  w e  a r e  j u s t i -  

f i e d  i n  drawing a curve through t h e  h igher  va lued  d a t a  p o i n t s  i n  t h e  
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r e g i o n  700-850 8. 

The v e r t i c a l  l i n e s  i n  F i g .  8 show t h e  p o s i t i o n  of t h e  (5s-np) 

t r a n s i t i o n  a b s o r p t i o n  l i n e s  a s  ob ta ined  us ing  a f l a s h  tube continuum 

l i g h t  source on a 2M normal i n c i d e n c e  ~ p e c t r o g r a p h . ~  

a l s o  r e p r e s e n t  a b s o r p t i o n  l i n e s  which a r e  a s  y e t  u n c l a s s i f i e d .  The 

(5s-np) absorpt ioi i  se r ies  a r e  a l l  of t h e  "window" type .  That i s  they  

show a l a r g e  decrease  i n  a b s o r p t i o n  r e l a t i v e  t o  t h e  i o n i z a t i o n  continuum 

background. A s  i n  krypton  no d i s c o n t i n u i t y  a t  t h e  0 edge was observed.  

The c r o s s  s e c t i o n s  cont inue  t o  d e c r e a s e  toward s h o r t e r  wavelengths .  

E x t r a p o l a t i n g  t h i s  d e c r e a s e  from 280 8 we j o i n  smoothly onto  t h e  d a t a  

o f  Tomboulian and Ederer  a t  t h e  N edge. Thei r  d a t a  begins  t o  i n -  

c r e a s e  a t  t h i s  p o i n t  coming t o  a maximum of 30 Mb a t  approximately 125 g, 
then  decreases  t o  2 Mb a t  80 8. 

The dashed l i n e s  

1 

36 
4Y5 

. From t h e  onse t  of e x c i t a t i o n  of t h e  i n n e r  s h e l l  e l e c t r o n s  a t  600 8 
many d i s c r e t e  a b s o r p t i o n  l i n e s  ex i s t  down t o  t h e  N edge,  due probably 

t o  double e l e c t r o n  e x c i t a t i o n s .  A r e c e n t  spectrum by Codling and Madden 

i n  t h e  v i c i n i t y  o f  200 8 c l e a r l y  shows t h e  a b s o r p t i o n  se r ies  due t o  ex- 

c i t a t i o n  of t h e  4 d - e l e c t r o n s .  Two s e r i e s  a r e  observed t e r m i n a t i n g  a t  

t h e  N and N edges,  r e s p e c t i v e l y .  Again, no abrupt  change i n  absorp- 

t i o n  i s  seen  on pass ing  over those  c r i t i c a l  edges .  Thei r  ass igned  l i m i t s  

t o  t h e  two s e r i e s  a t  178.33 2 and 183.55 a provide  t h e  f i r s t  experimen- 

t a l  v a l u e s  of t h e  c r i t i c a l  a b s o r p t i o n  e n e r g i e s  f o r  t h e  N4 and N 

of Xenon, r e s p e c t i v e l y .  These v a l u e s  compare favorably  w i t h  t h e  c a l -  

c u l a t e d  ones of 123 w and 191 8. 

4Y5 
52 

4 5 

edges 5 

56 
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The assignment of t h e r e  t r a n s i t i o n s  a s  (4d-np) type t r a n s i t i o n s  

can  be v e r i f i e d  on t h e  b a s i s  of t he  d i scuss ions  g iven  i n  S e c t i o n  I V - 2 .  

B r i e f l y ,  t h i s  a s s i g n s  a b inding  energy t o  e l e c t r o n s  i n  the  np s h e l l s  

(Table X V I ) .  Adding t h e s e  b inding  ene rg ie s  t o  the  observed term v a l u e s  

l e a d s  t o  c o n s i s t e n t  s e r i e s  l i m i t s  w i th in  approximately 5 200 cm of 

each o t h e r .  On the  o t h e r  hand i f  t h e  b inding  e n e r g i e s  of t he  n f - e l e c t r o n s  

-1 

a r e  added t o  the  observed terms the  r e s u l t i n g  s e r i e s  l i m i t s  l i e  w i t h i n  

t 6000 cm . Since the  f o r b i t s  a r e  l e s s  p e n e t r a t i n g  the  spread i n  

t h e  s e r i e s  l i m i t s  should be much less than f o r  p o r b i t s .  That t h i s  i s  

n o t  t he  case  v e r i f i e s  t h e  i d e n t i f i c a t i o n  of the  t r a n s i t i o n  a s  (4d-np).  

It i s  of i n t e r e s t  t o  no te  t h a t  g iven  t h e  s e r i e s  l i m i t  the  wavelengths  

of t h e  (4d-np) t r a n s i t i o n s  can be r e a d i l y  c a l c u l a t e d  by the  method des-  

c r i b e d  i n  S e c t i o n  I V .  Using the  183.55 series l i m i t  quoted by Codl ins  

and Madden t h i s  technique p r e d i c t s  abso rp t ion  l i n e s  a t  190.63, 186.86,  

and 185.49 8 f o r  n = 6 ,  7 ,  and 8 ,  r e s p e c t i v e l y .  

pared w i t h  the  v a l u e s  observed by Codling and Madden a t  190.41,  186.81 

and 185.47 8. 

-1 

These a r e  t o  be com- 

The o s c i l l a t o r  s t r e n g t h  f o r  t r a n s i t i o n s  i n t o  t h e  i o n i z a t i o n  cont inu-  

um has been measured g r a p h i c a l l y  from the  P1,2 edge down t o  183.55 2 

(N5 edge) .  

t he  continuum and Beu t l e r  l i n e s  between the  2P 312 and 2P112 edges amounts 

t o  0.43.  

Cre te  f-number f o r  t r a n s i t i o n s  i n t o  the 5p,6s c o n f i g u r a t i o n  t o  be 0.61.  

A va lue  of f = 5.58 was obta ined .  The c o n t r i b u t i o n  from 

34 Recent exper imenta l   measurement^^^ have e s t ima ted  the  d i s -  

5 

This  would then  provide  an approximate va lue  of 6.62 f o r  t he  c o n t r i b u t i o n  

of t h e  5(sp)  e l e c t r o n s  down t o  the  N5 edge. 
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From Table XI1 t h e  o s c i l l a t o r  s t r e n g t h  f o r  t h e  K-she l l  continuum 

i s  found t o  be 1.57 down t o  .01 8. Table XI11 g i v e s  f = 10.94 f o r  t h e  

r e g i o n  between t h e  N and N edges.  That i s ,  where t h e  t e n  4 d  e l e c t r o n s  

a r e  absorbing.  Table  X I V  l i s t s  t h e  a b s o r p t i o n  c o e f f i c i e n t s  f o r  t h e  

5 3 

p r e s e n t  work. 

c 
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0 0 
TABLE X I I .  Xenon a b s o r p t i o n  c o e f f i c i e n t s  from .01- .3  A and a t  44.6 A .  

a b 
She 11 (5 Expe r imenta 1 Empirica 1 

k( cm-l) k( cm-') 

.010 

.012 

.015 

.020 

.025 

.030 

.040 

.050 

.060 

.OB0 

.098 

. l o o  

.120 

.150 

.175 

.200 

.250 

.300 

.359 --- 
- - -  

44.6 
--- 

39500 ' I  

~~ 

.287 

.318 I t  

.366 

.444 

.536 
,646 

0.946 
1 . 3 9  
2.02 
3.94 

6 .96  
11.30 
20.65 

11 

I I  

11 

I I  

11 

11 

11 

II 

--- 
I I  

11 

11 

--- 
11 

I 1  

11 

44.90 
81.40 

129.50 
--- 

a Determined from the  mass a b s o r p t i o n  c o e f f i c i e n t s  compiled by S.J .M. A l l en  
i n  A .  H .  Compton and S .  K .  A l l i s o n ,  X-Rays i n  Theory and Experiment,  
( D .  Van Nostrand Company, I n c . ,  N e w  York, 1935) ,  p .  799. 

J .  A .  Vic to reen ,  J .  Appl. Phys.  3, 1141 (1949) .  
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o a  
TABLE X I I I .  Xenon a b s o r p t i o n  c o e f f i c i e n t s  from 80 - 202 A .  

k( cm-l) k( cm-l) 

80 .0  
83.6 
85 .4  
90 .3  
91.4 
96.6 
97.3 
99.5 
101,o 
105 . O  
106.7 
110.0 
116.5 
138.0 
139.2 
140.3 
145.0 
145 ..3 
147.5 
149.8 
151.5 
154.0 
156.2 
158.9 
162.4 

6 1  
68 
89 

175 
182 
25 2 
253 
269 
4 03 
460 
460 
568 
730 
67 6 
622 
527 
483 
416 
44 6 
412 
410 
294 
329 
294 
273 

164.4 
166.3 
168.3 
1 7 1 . 1  
172.3 
173.5 
178.0 
181.1 
182.0 
182.6 
184.0 
185.8 
192.9 
194.9 
195.9 
200.8 
202.3 
203.9 
207.9 
209 .O 
213 .O 
214.2 
215.1 
220.0 

2 16 
203 
200 
15 2 
14 1 
129 
127 
120 
114 
114 
95 
93 
6 1  
60 
60 
60 
58 
59 
53  
58 
67 
55 
52 
66 

a 
D .  L .  E d e r e r  and D .  H .  Tomboulian, p r i v a t e  communication. 
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a 
TABLE X I V ,  Xenon a b s o r p t i o n  c o e f f i c i e n t s  from t h r e s h o l d  t o  280 E .  

- 1  
h (2) k(cm-l) h (2) k( ern-') h ( g )  k(cm -) h ( 2 )  k(  cm-') 

284.0 
294.9 
238.7 
309 .O 
318.7 
324.1 
330.2 
338.7 
352.8 
358.3 
364.5 
369 .O 
376.1 
382.6 
390.7 
394.2 
397.5 
400.5 
405.7 
410.6 
416.6 
423.4 
425.8 
429.9 
436.6 
442.8 
447.5. 
451.2 
461.3 
463.6 
466.6 

7 8  
114 
96 

149 
15 3 
129 
98 
94 

124 
181 
147 
189 
150 
17 8 
185 
217 
202 
19  8 
169 
185 
194 
2 14 
219 
236 
253 
246 
260 
27 0 
294 
299 
302 

473.1 
477.4 
482.0 
488.9 
493.8 
497 - 8  
502.7 
506.8 
510.3 
515.4 
521.0 
528.1 
534.2 
540.7 
546.3 
552.9 
557.1 
560.4 
566.3 
572.4 
588.0 
590.4 
595.6 
595.7 
597.8 
611.5 
620.5 
626.8 
631.7 
638.6 
642.8 

336 
351 
365 
35 9 
394 
367 
434 
443 
463 
486 
5 14 
537 
558 
594 
640 
661 
667 
6 20 
6 84 
6 27 
818 
759 
2 83 
800 
819 
890 
921 
932 
945 
97 1 
994 

646.1 
650.8 
661.8 
665.9 
672.6 
6 7 7 . 2  
686.3 
696.2 
701.7 
710.4 
715.6 
7 2 2 . 1  
726.3 
738.5 
746.8 
756.4 
762.2  
769.1 
776.3 
781.6 
784.9 
796.4 
802.3 
805.1 
823.0 
828.5 
836 .O 
845.7 
851.5 
858.7 
865.2 

1006 
1025 
1055 
1099 
1109 
1090 
1150 
1201 
1189 
1238 
12'0 
1279 
1277 
1296 
1298 
137 1 
1385 
1395 
1415 
1387 
7 474 
1462 
1482 
1488 
1463 
1530 
15 25 
1540 
1561 
1614 
1607 

870.1 1633 
880.3 1664 
888.0 1661 
902.5 1656 
906.3 1671 
911 .6  1674 
920.6 1684 
924.3 1443 
924.9 1392 
928.8 1129 
935.2 1622 
938.5 1695 
941.6 1326 
943.5 1929 
946.9 883 
951.9 2466 
955.9 629 
959.6 1318 
964.4 2416 
969.5 1966 
975.0 650 
979.5 1 1 2 1  
983.1 1466 
988.1 2240 
991.6  2495 
996.1 3370 

1003.5 413 
1008.5 420 
1 ~ 1 5 . 6  732 
1018.5 937 

a P r e s e n t  d a t a .  
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I V .  DISCUSSIONS 

1. C r i t i c a l  Absorpt ion E n e r g i e s  

The c r i t i c a l  a b s o r p t i o n  energy of an atom i s  t h e  energy r e q u i r e d  

t o  remove an e l e c t r o n  from a g i v e n  s h e l l  w i t h i n  t h e  atom t o  i n f i n i t y  

w i t h  zero k i n e t i c  energy.  That i s ,  i t  i s  an i o n i z a t i o n  p o t e n t i a l  of 

t he  atom. For t h e  o u t e r  e l e c t r o n s  t h e s e  i o n i z a t i o n  p o t e n t i a l s  can be 

determined very  a c c u r a t e l y  by s p e c t r o s c o p i c  means. However, f o r  i n n e r  

s h e l l  e l e c t r o n s  and e s p e c i a l l y  K-she l l  e l e c t r o n s  t h e  resonance a b s o r p t i o n  

l i n e s  preceding the  i o n i z a t i o n  l i m i t  may o v e r l a p  one another  and with 

t h e  main a b s o r p t i o n  edge. Thus, i t  may o r  may n o t  be p o s s i b l e  t o  observe 

t h e  t r u e  a b s o r p t i o n  edge and, i n  f a c t ,  many of t h e  r e p o r t e d  x- ray  c r i -  

t i c a l  a b s o r p t i o n  e n e r g i e s  a c t u a l l y  r e p r e s e n t  minimum e x c i t a t i o n  e n e r g i e s .  

I f  w e  know t h e  b inding  energy of t h e  e l e c t r o n  i n  t h e  f i r s t  e x c i t e d  

s t a t e  of t h e  atom w e  can determine t h e  t r u e  a b s o r p t i o n  c(:L:e by s u b t r a c t -  

i n g  t h i s  b inding  energy from t h e  observed c r i t i c a l  a b s o r p t i o n  energy.  

An approximate method f o r  f i n d i n g  t h e  b inding  e n e r g i e s  f o r  s - e l e c t r o n s  

i n  t h e  r a r e  g a s e s  i s  g i v e n  i n  t h e  n e x t  s e c t i o n .  

Table XV p r e s e n t s  t h e  known c r i t i c a l  a b s o r p t i o n  e n e r g i e s  f o r  t h e  

r a r e  gases .  There i s  s t i l l  a l a c k  of exper imenta l  d a t a  f o r  some absorp- 

56 t i o n  edges,  t h u s ,  t h e  semi-empir ical  v a l u e s  g i v e n  by R.  D .  H i l l  -- e t  a l .  

a r e  a l s o  l i s t e d .  These v a l u e s  a r e  a c t u a l l y  i n t e r p o l a t e d  v a l u e s  obta.;.ned 

a f t e r  r e v i s i n g  t h e  c r i t i c a l  x-ray e n e r g i e s  t a b u l a t e d  by M. Siegbahn. 
58 

The v a l u e s  quoted by H i l l  have been conver ted  back i n t o  angstrom u n i t s  
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8 u s i n g  t h e  same convers ion  f a c t o r  of l e v  = 12396.44 x 10- . 
t i o n  ene rg ie s  a r e  u s u a l l y  measured i n  x- ray  u n i t s  (xu) which a r e  based 

on the l a t t i c e  spacing of Na C 1 .  A t  p r e s e n t  t hese  x u n i t s  a r e  0.202% 

smal le r  than  the  angstrom u n i t  of l eng th  (10 cm). The c r i t i c a l  absorp- 

t i o n  e n e r g i e s  f o r  t h e  o u t e r  s h e l l  e l e c t r o n s  were obta ined  from o p t i c a l  

d a t a .  

X-ray absorp- 

- 8  

2 .  Autoionized Energy Levels  

The f i r s t  abso rp t ion  s p e c t r a  of t he  r a r e  gases  i n  the  v i c i n i t y  of 

t h e i r  i o n i z a t i o n  con t inua  were obta ined  by Beutler3’ i n  1935. He observed 

2Y3 
and 0 N2,3’  a s e r i e s  of d i f f u s e  abso rp t ion  l i n e s  between the  M 2 , 3 ,  

edges i n  A ,  K r ,  and Xe, r e s p e c t i v e l y .  These abso rp t ion  l i n e s  appeared 

a t  h igher  e n e r g i e s  than  the  f i r s t  i o n i z a t i o n  p o t e n t i a l s  of t he  atoms. 

The i n t e r a c t i o n  between t h e s e  d i s c r e t e  l e v e l s  and the  under ly ing  i o n i z a -  

t i o n  continuum caused t h e  l e v e l s  t o  broaden cons ide rab ly .  I n  g e n e r a l ,  

a r a d i a t i o n l e s s  t r a n s i t i o n  t akes  p l a c e  from t h e  d i s c r e t e  l e v e l s  i n t o  

t h e  continuum accompanied wi th  t h e  e j e c t i o n  of an e l e c t r o n .  When t h i s  

occurs  the  s t a t e s  a r e  known as au to ion ized  s t a t e s .  Measurements of t h e  

i o n i z a t i o n  y i e l d s  w i t h i n  t h e s e  d i f f u s e  s t a t e s  have been made by two methods. 

One by t h e  d i r e c t  use  of a thermopi le  t o  measure the  a b s o l u t e  i n t e n s i t y  

of L l i e  i o n i z i n g  r a d i a t i o n  and t h e  o t h e r  by measuring the  y i e l d  r e l a t i v e  

t o  t h a t  of another  rare gas .  I n  each case  t h e  y i e l d  was foui7.d t o  be 

100%. F igu res  9 ,  10  and 11 i l l u s t r a t e  t h e s e  Beu t l e r  l i n e s  i n  Xe, K r ,  

and A, r e s p e c t i v e l y ,  a s  ob ta ined  by Huffman e t  a l .  u s ing  p h o t o e l e c t r i c  

abso rp t ion  techniques .  
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Figure 9 .  Beutler autoionized l ines  of xenon as  masured by Uuffnmn, et a1 
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Figure 10. Beutler autoionized l ines  of krypton as  measured by Huffman, 

e t  a l .  (ref .  54) - 
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Beut le r  looked f o r  abso rp t ion  l i n e s  a s s o c i a t e d  wi th  t h e  removal of 

i n n e r  s - e l e c t r o n s  wi thou t  success .  S ince  he used the  molecular  hel ium 

continuum which provided u s e f u l  r a d i a t i o n  only down t o  600 2 he concluded 

t h a t  i f  abso rp t ion  l i n e s  e x i s t  they must appear a t  wavelengths  below 

600 8. 
r a d i a t i o n  from a 180 Mev synchro t ron  t h a t  Madden and Codling f i r s t  

observed the  abso rp t ion  s p e c t r a  of t h e  r a r e  gases  below 600 8. Con- 

c u r r e n t  work on the  t o t a l  abso rp t ion  c r o s s  s e c t i o n s  of t he  r a r e  g a s e s  

us ing  a dense ly  popula ted  l i n e  emission l i g h t  source  and a continuum pro- 

v ided  by a f l a s h  tube a l s o  r evea led  a b s o r p t i o n  s t r u c t u r e  between 400 

and 600 2. 4y5y38y59 
shown t h a t  t he  p o s i t i o n  of t h e s e  a b s o r p t i o n  l i n e s  could be p r e d i c t e d  on 

t h e  b a s i s  of t he  s i m i l a r i t y  between the  e l e c t r o n  c o n f i g u r a t i o n  of t h e  

r a r e  gases  and the  a l k a l i  me ta l s .  

It was no t  u n t i l  1963, however, when u t i l i z i n g  the  cont inuous  

2 

These can be seen  i n  F i g s .  1 2  and 13. It was 

5 

The p r e d i c t e d  a b s o r p t i o n  e n e r g i e s  were determined a s  fo l lows:  

Consider t he  5s-np t r a n s i t i o n s  i n  Xe and 6s-np t r a n s i t i o n s  i n  C s .  I n  

both  cases  t h e  e l e c t r o n s  e x c i t e d  i n t o  t h e  vacan t  p - s h e l l s  s e e  an atomic 

co re  of charge z = 1 surrounded by a completed s u b - s h e l l  o f  s i x  p -e l ec -  

t r o n s .  It i s  assumed t h a t  t he  e x c i t e d  e l e c t r o n s  i n  t h e  np s h e l l s  of 

C s  a r e  bound t o  t h e i r  co re  wi th  t h e  same e n e r g i e s  r e q u i r e d  f o r  e l e c t r o n s  

i n  the  np s h e l l s  of X e .  The b inding  e n e r g i e s  f o r  t h e  np e l e c t r o n s  i n  

C s  a r e  r e a d i l y  found from known s p e c t r o s c o p i c  term v a l u e s .  Table X V I  

l i s t s  the  b inding  e n e r g i e s  f o r  t h e  np s h e l l s  i n  C s  a long w i t h  those  f o r  

Na, K r ,  and Rb. Equat ing t h e s e  e n e r g i e s  t o  t h e  np s h e l l s  i n  the  r a r e  

g a s e s  and s u b t r a c t i n g  them from the  i o n i z a t i o n  p o t e n t i a l s  of t he  s - e l e c t r o n s  
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TABLE X V I .  Binding e n e r g i e s  f o r  t h e  va l ence  e l e c t r o n  i n  e x c i t e d  
a p - s h e l l s  of t h e  a lka l i  me ta l s .  

-1 

Desig . Sodium Po ta s s ium Rubidium 
Binding Energ ie s  ( c m  ) 

Cesium 
- 

3P 24 493.47 

4P 11 182.77 22 024.61 

5P 6 409.38 10  308.34 21 112.06 

, 

I 6P 4 153.14 6 010.49 9 975.83 20 228.47 

7P 2 909.25 3 939.80 5 855.97 9 641.06 

8P 2 151.11 2 782.36 3 856.06 5 697.57 

1 655.12 2 069.44 2 732.08 3 769.42 

1 312.42 1 599.44 2 037.14 2 679.62 

9P 

1OP 

a Obtained from o p t i c a l  term v a l u e s ,  C .  E .  Moore, Atomic Energy 
Leve l s ,  C i r c .  467, N a t .  Bur. S t d .  ( U .  S .  Government P r i n t i n g  
O f f i c e ,  Washington, D .  C . ) ,  Vol. 1, (1949) ;  V O ~ .  2, (1952) ;  
Vol.  3,  (1958) .  
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t h e  p o s i t i o n  of t h e  ms-np a b s o r p t i o n  s e r i e s  can be found. Table X V I I  

compares t h e  observed and p r e d i c t e d  a b s o r p t i o n  s p e c t r a .  The f i r s t  ob- 

served a b s o r p t i o n  l i n e  i n  K r  and Xe appear t o  be s p l i t  i n t o  fou r  l eve ls  

which i s  compatible  w i t h  LS o r  j j  coupl ing ,  however, i n  t h e  c a s e  of 

K r  the a b s o r p t i o n  speccrum obta ined  by Madden and Codling c l e a r l y  show 

only t h r e e  l e v e l s ,  t h e  l i n e  a t  501.11 2 being  a b s e n t .  

t h e r e f o r e ,  t h a t  t he  501.11 2 l i n e  i s  caused by an impur i ty .  

two p r e d i c t e d  l i n e s  i n  K r  and X e  were obta ined  by u s i n g  J = 1 / 2  and 312 

when d.etcrminin2 t h e  b inding  e n e r g i e s  , a l l  ot:-c-: p r e d i c t e d  v a l u e s  were 

found for  J = 1 / 2  

I t  would appear ,  

The f i r s t  

This  method f o r  p r e d i c t i n g  t h e  a b s o r p t i o n  s e r i e s  of a r a r e  g a s  can 

be appl ied  t o  a b s o r p t i o n  due t o  t h e  more t i g h t l y  bound e l e c t r o n s .  I n  

f a c t ,  i t  was a p p l i e d  t o  argon a s  e a r l y  a s  1926 by Cos ter  and Van d e r  

Tuuk t o  e x p l a i n  t h e  f i n e  s t r u c t u r e  i n  t h e  v i c i n i t y  of t h e  K a b s o r p t i o n  

edge. 

spectrum i n  argon which c l e a r l y  r e s o l v e d  t h e  f i r s t  two members of t h e  

ls-np s e r i e s  (n 2 4 ) .  Using t h e  b i n d i n g  e n e r g i e s  f o r  t h e  np s h e l l s  of 

potassium and t h e  observed wavelengths  of t h e  argon a b s o r p t i o n  l i n e s  

he placed t h e  main a b s o r p t i o n  edge ( i . e . ,  t h e  K i o n i z a t i o n  p o t e n t i a l )  

60 

Par ra t , "  i n  1939, ob ta ined  a more h i g h l y  r e s o l v e d  K a b s o r p t i o n  

a t  a wavelength p o s i t i o n  some 4 xu l e s s  t h a n  i t s  u s u a l l y  accepted  measured 

v a l u e ,  . 
62 The K a b s o r p t i o n  spectrum f o r  K r  h a s  been measured by Shaw (1940).  

No d i s c r e t e  s t r u c t u r e  due t o  I s -np  type  t r a n s i t i o n s  was observed. I t  i s  

p o s s i b l e  t h a t  t h e  d i s c r e t e  s t r u c t u r e  cannot  be r e s o l v e d  due t o  t h e i r  

n a t u r a l  width over lapping  w i t h  each o t h e r  and w i t h  t h e  K edge. 
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TABLE X V I I .  Observed and p r e d i c t e d  abso rp t ion  s p e c t r a  due t o  
e x c i t a t i o n s  of the  type ms-np i n  the  r a r e  gases .  
Wavelengths are  expressed i n  angstroms.  

Ne A r  K r  Xe 

a 
28 -np 3 s  -np 4 s  -np 5s-np 

C a C Pred .  Obs. a Pred .  Obs. a Pred .  Obs. n Pred .  Obs. 

3 

4 

5 

6 

7 

8 

9 

10 

11 

2 7 2 . 9  

2 6 3 . 3  

2 6 0 .  C 

2 5 8 . 5  

2 5 7 . 7  

2 5 7 . 2  

2 5 6 . 9  

2 5 6 . 6  

2 5 6 . 4  

2 7 2 . 6  

2 6 3 . 2  

259.9  

2 5 8 . 5  

2 5 7 . 7  

2 5 7 . 1  

--- 

--- 

- - -  

S e r i e s  
L i m i t  255 .77  

a 

d 

4 6 7 . 7  

4 4 3 . 4  

4 3 5 . 1  

4 3 1 . 2  

4 2 9 . 1  

4 2 7 . 8  

4 2 6 . 9  

4 2 6 . 3  

4 6 6 . 3  

4 4 3 . 1  

435 .O 

4 3 1  .? 

4 2 8 . 9  

4 2 7 . 6  

426 .7  

--- 

4 2 4 . 0 3  

/,ol-ll 497 - 4 6  

\ 

4 7 1 . 8  

4 6 2 . 8  

4 5 8 . 6  

4 5 6 . 2  

4 5 4 . 8  

4 5 3 . 8  

\ 4 9 6 . 8 7  
( 4 9 6 . 0 4  

4 7 1 . 5 4  

4 6 2 . 7 5  

4 5 7 . 8 5  

4 5 6 . 1 4  

- - -  
--- 

4 5 0 . 6 2  

5 9 9 . 9 5  
f 5 9 3 . 5  5 9 5 . 9 2  

1591.6 i 5 8 9 . 6 2  

5 5 8 . 2  5 5 7 . 9 2  

5 4 6 . 5  5 4 6 . 1 6  

5 4 0 . 7  5 4 0 . 7 1  

5 3 7 . 6  5 3 7 . 4 0  

5 3 5 . 6  5 3 5 . 6 2  

i 5 9 1 . 8 1  

5 2 9 . 9 2  

a 
Energy l e v e l s  used i n  the  c a l c u l a t i o n s  were obta ined  from C . E .  Moore, 
Atomic Energy Levels ,  C i r c .  N a t .  Bur. S t d .  4 6 7 ,  Vol. T ( 1 9 4 9 ) ;  
Vol. I1 ( 1 9 5 2 )  ; Vol. I11 ( 1 9 5 8 ) .  

R .  Madden and K .  Codl ing,  Phys.  Rev. L e t t e r s ,  10, 5 1 6  ( 1 9 6 3 ) .  

J . A . R .  Samson, Phys ics  L e t t e r s  (January,  1 9 6 4 )  
C 
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V. SUMMARY 

3 4 3 9 y  
The p h o t o i o n i z a t i o n  c r o s s  s e c t i o n s  of t h e  rare gases  have been 

0 
measured from t h e i r  i o n i z a t i o n  t h r e s h o l d s  t o  280 A .  Publ i shed  and 

unpublished d a t a  have been compiled and t a b u l a t e d .  I n  t h e  case  of  H e ,  

N e ,  and A t h e  t a b u l a t e d  d a t a  e s s e n t i a l l y  provide  a b s o r p t i o n  c o e f f i c i e n t s  

cont inuous ly  from th resho ld  t o  .01 A .  Although cont inuous d a t a  f o r  t he  

K-she l l  i s  t a b u l a t e d  down t o  .01 A f o r  K r  and X e  t h e r e  i s  ve ry  l i t t l e  

informat ion  a v a i l a b l e  f o r  t h e  remaining i n n e r  s h e l l s .  F igu re  14 

\ 

0 

0 

summarizes the  p h o t o i o n i z a t i o n  c r o s s  s e c t i o n s  of t h e  r a r e  gases  as  a 

f u n c t i o n  of wavelength.  The v e r t i c a l  l i n e s  i n d i c a t e  t h e  p o s i t i o n s  of  

t h e  "window" type d i s c r e t e  a b s o r p t i o n  l i n e s .  

On the  whole, ve ry  l i t t l e  t h e o r e t i c a l  work has  been performed on 

pho to ion iza t ion  c ros s  s e c t i o n s  of t he  rare gases .  Helium has been 

s tud ied  thoroughly and the  t h e o r e t i c a l  r e s u l t s  a r e  i n  e x c e l l e n t  a g r e e -  

ment wi th  experiment .  The t h e o r e t i c a l  r e s u l t s  of neon are i n  f a i r  

agreement wi th  experiment .  I n  t h e  case of  a rgon  and krypton  on ly  o r d e r  

of  magnitude agreement is obta ined ,  wh i l e  no t h e o r e t i c a l  t r ea tmen t  of  

xenon has y e t  been a t t empted .  F igu re  15 shows t h e  a b s o r p t i o n  

c o e f f i c i e n t s  of  t he  r a r e  gases  p l o t t e d  as a f u n c t i o n  of energy above 

t h e  P t h re sho ld .  This  i s  perhaps a more convenient  p l o t  f o r  comparison 

wi th  t h e o r e t i c a l  r e s u l t s .  

2 
% 

It i s  of i n t e r e s t  t o  p o i n t  ou t  t h a t  t h e  

curves f o r  A,  K r ,  and Xe a l l  i n t e r s e c t  a t  one p o i n t  approximate ly  6eV 
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2 
above t h e  p t h r e s h o l d .  4 

The p o s i t i o n  of p rev ious ly  unknown d i s c r e t e  a b s o r p t i o n  s t r u c t u r e  

ove r ly ing  t h e  i o n i z a t i o n  continuum has been sought  and ,  i n  many cases, 

found. Over and above t h e i r  importance t o  a tomic  s t r u c t u r e  i t  is  

d e s i r a b l e  t o  know t h e  p o s i t i o n  of t he  d i s c r e t e  l i n e s  s i n c e  these  a r e  

r eg ions  t o  be avoided i f  p o s s i b l e  when using the  r a r e  gases  i n  ion  

chambers f o r  a b s o l u t e  i n t e n s i t y  measurements of vacuum u l t r a v i o l e t  

r a d i a t i o n  

The o s c i l l a t o r  s t r e n g t h s  f o r  e x c i t a t i o n s  i n t o  t h e  pho to ion iza t ion  

continuum have been d i scussed .  It has been shown, i n  t h e  case of 

helium, t h a t  knowledge of the  t o t a l  continuum o s c i l l a t o r  s t r e n g t h  i n  

conjunct ion  wi th  t h e  Thomas-Kuhn sum r u l e  provides  immediately t h e  

t o t a l  d i s c r e t e  f-numbers. For  t h i s  approach, however, it i s  necessary  

t o  know t h e  va lues  of t h e  a b s o r p t i o n  c o e f f i c i e n t s  t o  a h igh  degree of 

accuracy .  

a b s o r p t i o n  c o e f f i c i e n t s  w i l l  g ive  a n  u n c e r t a i n t y  of + - 17% i n  the  va lue  

of t h e  t o t a l  d i s c r e t e  f-number. 

For helium a n  u n c e r t a i n t y  of + 5% i n  the  va lue  of t h e  - 

A summary of t h e  continuum f-numbers s h e l l  by s h e l l  is g iven  i n  

Table XVIII. For t h e  K-she l l s  t h e  f-numbers were evalua ted  down t o  

.01 A .  The c o n t r i b u t i o n s  t o  t h e  outermost s h e l l s  inc lude  the  f-numbers 

of t h e  Beu t l e r  l i n e s .  

0 
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TABLE X V I I I .  Summary of the  continuum o s c i l l a t o r  s t r e n g t h s  f o r  

the  r a r e  gases .  

Continuum f-numbers Theore t ica 1 t o  ta  1=Z 

Ga s K b L M N O  f (continuum + l i n e )  

H e  1.54 

N e  1 .81  8.22 

A 1 . 7 7  7 .51  5 .69  
a 

6.3 K r  1 .63 - - -  _ - -  
Xe 1.57 --- - - -  - - -  6 . 0 1  

2 

10 

18  

36 

54 

0 a 
This  va lue  w a s  ob ta ined  by e x t r a p o l a t i n g  d a t a  from 280-50 A .  
There is some t h e o r e t i c a l  evidence t h a t  the & va lue  may inc rease  
i n  t h i s  r e g i o n ,  hence the  f-number will a l s o  i n c r e a s e ,  

The continuum f-numbers f o r  the K s h e l l  were measured down t o  .01 A .  
0 b 
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